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ABSTRACT
Nowadays, fossil fuels still serve as the primary global energy resource. Replacing fossil
fuels with renewable sources of energy and developing efficient energy storage technology
is an urgent problem to solve. Lignocellulosic biomass has been investigated as a promising
alternative for the production of biofuels, chemicals, and materials. In this dissertation, we
studied the thermochemical biomass conversion strategies via different pretreatments
strategies (e.g. dilute acid, ethanol, tetrahydrofuran, gamma-valerolactone) and genetic
modification to overcome the biomass recalcitrance and achieve efficient conversion
process. The biomass component structure of lignin and cellulose after thermal treatments
were characterized and analyzed.
To further explore the utilization of biomass components, this dissertation also studied
the potential applications of nanocellulose-based materials. We involved the chemical
cross-linking strategy to form cross-linked nanocellulose-based aerogels with excellent
water stability, enhanced mechanical properties, and improved thermal stability.
Furthermore, the chemically cross-linked nanocellulose-based aerogels presented the
adsorption ability toward cation methylene blue dye, which made it a promising water
purification material. Moreover, nanocellulose also could be used as a substrate or binder
material for supercapacitors to obtain free-standing and flexible properties, which showed
great potential in electrochemical applications.
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Chapter One: Introduction

1

Because of the rapid growth in human population, the consumption of materials is rapidly
growing, which causes nature resources losses, environmental pollution, and the depletion of fossil
fuels.1 Today, fossil fuels still serve as the primary global energy resource and result in the
accumulation of greenhouse gases.2 The International Energy Agency estimated that the total
world energy demand from fossil fuels was 13.371 billion tonnes of oil equivalent (btoe) in 2012
and is expected to reach 18.30 btoe in 2035 in current policies scenario.3 Thus, replacing fossil
fuels with renewable sources have attracted researchers attention for decrease the impact of
greenhouse gas emission and limiting the increase of global temperature.4 Lignocellulosic biomass
is an important renewable energy option because of its large quantity and renewability. It is
considered carbon-neutral because the CO2 released quantity in the combustion process is the same
as the plant absorbed in the photosynthesis process.5 It has the potential to alternate fossil fuels in
producing second-generation biofuels and bio-sourced chemicals and materials.6
There are three main biopolymers in biomass cell walls: 40-60% cellulose, 20-40%
hemicellulose, and 10-25% lignin.2, 7 Cellulose is the major component of plant cell structure
which gives stiffness and stability to the cell wall. Through different biological or thermochemical
pathways, the polysaccharide components: cellulose and hemicellulose, can be converted to
bioethanol, biobutanol, furan-based chemicals, and other fermentation products.6 Lignin is a
complex phenolic polymer, it is integrated into the cellulose-hemicellulose network, enhances
plant cell wall rigidity, hydrophobic properties, and promotes minerals transport through the
vascular bundles in the plant.8 In biomass conversion, the recalcitrance of lignocellulosic biomass
has been one of the significant challenges in achieving cost-effective biorefineries. Biomass
recalcitrance can be caused by various factors, such as the composition of the plant cell wall,
complex architecture, structure heterogeneity, lignin structure, and cellulose crystallinity.6, 9 In
particular, lignin is generally considered an inhibitor of cellulolytic enzymes during the biological
conversion processes.10
Pretreatment is a strategy to reduce the biomass recalcitrance for effective biomass conversion
in size reduction, enzyme hydrolysis, and fermentation processes. It breaks down the ligninpolysaccharide matrix, alters the structure of lignocellulosic biomass, reduces the polymer size,
degrades and solubilizes or relocates lignin, and makes cellulose more accessible to enzymes and
facilitates the conversion of polysaccharides into fermentable sugars.11 After pretreatment, the
separated components can be used to produce bio-derived materials or used for further hydrolysis
2

and fermentation to produce biofuels. Various pretreatment strategies were developed in past
decades, e.g. dilute acid, lime, ammonia fiber explosion, ionic liquid, organosolv.11 In order to
produce biofuels to alternate petroleum fuels, sugar release efficiency is usually the most important
consideration and lignin is considered as a byproduct. Organosolv pretreatment is a good choice
to achieve high-value utilization of all components in biomass.12 Organosolv pretreatments not
only break down the lignin-polysaccharide matrix but also extract lignin efficiently and generate
lignin with high yield and relatively low condensation. Genetically engineered biomass is also an
approach to reducing biomass recalcitrance.
Pretreatment is an energy-intensive method, which increases the production cost of the target
product. Hence, genetic modification of lignin biosynthetic enzymes to reduce the content and
modify the structure of lignin in plant cell walls has attracted growing interest as an approach to
reducing the natural recalcitrance of lignocellulosic biomass 13, 14 In Chapter Four, we conducted
a comparative study on lignin isolated from the two transgenic switchgrass and a wild type (WT)
switchgrass using several promising organosolv pretreatment methods. A fundamental
understanding of the impacts of organic solvents and reaction conditions on the structure and
properties of switchgrass lignin was provided for the development and optimization of the ligninfirst organosolv pretreatments. Chapter Five further examined poplar cellulose structures change
after dilute acid and tetrahydrofuran pretreatments.
Other than the study of biomass component structures, the utilization of biomass components
also attracts our attention. Nanoscale structured celluloses derived from cellulose pulp through a
combination of mechanical and chemical treatments can be used in various applications in
biomedical engineering, coatings, filters, composites, films, foams, and specialty chemical
industries.15 In chapter six, cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs) were
cross-linked

with

the

poly(methyl

vinyl

ether-co-maleic

acid)/poly(ethylene

glycol)

(PMVEMA/PEG) system. The cross-linked nanocellulose-based materials were converted into
aligned porous foams via the directional freezing technique followed by sublimation. The achieved
foams presented excellent water stability and enhanced mechanical performance, which showed
the possibility to be used in medical or packaging applications.
We also discussed the potential applications of nanocellulose in water purification in chapter
seven. we report a simple route to form chemically cross-linked PMVEMA/PEG/CNC aerogels
3

via a directional-freezing technique and freeze-drying process followed by thermal treatment. The
achieved CNC aerogels showed enhanced thermal properties. The negatively charged carboxyl
groups from PMVEMA and the sulfate groups from CNCs made the CNC aerogels possible to
become efficient adsorbents for cation dye removal. Thus, the methylene blue (MB) dye removal
performance of the obtained CNC aerogels as renewable adsorbents was evaluated and compared
to other reported adsorbents from the literature. Chapter eight studied the prospective applications
of nanocellulose-based materials in electronic devices. We described a simple approach for the
preparation of freestanding and flexible TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl)-oxidized
cellulose nanofibrils/activated carbon (TOCN/AC) electrodes. TOCN was used as a non-toxic
binder and flexible substrate to avoid traditional toxic solvents, AC acted as active material. These
hybrid film electrodes were evaluated to perform as flexible supercapacitor electrodes.
This thesis provides information about the lignin and cellulose structure change upon different
thermochemical pretreatments, which will help to identify the fundamental mechanisms in the
biomass conversion process and further benefit the current pretreatment strategies. A scheme of
overall biomass utilization process is shown in Figure 1.1.

4

Figure 1.1. Scheme of biomass utilization

5
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2.1 Lignocellulosic biomass
Lignocellulosic biomass is the most abundant sustainable carbon source without competing with
food stocks. It shows the great potential to produce commercially valuable chemicals and biofuels
to reduce greenhouse gas emissions and protect energy security.16 Three major components consist
of lignocellulosic biomass, lignin, cellulose, and hemicellulose, with a small amount of protein,
pectin, extractives, and ash.17 The compositions vary with the biomass source, climatic conditions,
storage processes, etc. (Table 2.1)18 Therefore, understanding the chemical composition and
structure of lignocellulosic biomass is a prerequisite for creating effective conversion methods to
develop value-added products.

2.1.1 Lignin
Lignin is the second most abundant natural polymer on land with a polyaromatic structure,
which is crucial for the structural integrity of the cell wall and the stiffness and strength of the
stem.19, 20 Three main structural (phenylpropanoid) subunits, p-hydroxyphenyl (H), guaiacyl (G)
and syringyl (S), are formed from p-hydroxycinnamyl (coumaryl), coniferyl and sinapyl alcohols
during lignin biosynthesis (Figure 2.1). Depending on their botanic origin, these monomeric units
are various in different proportions (Table 2.2). In general, G-units and trace amounts of H-units
are present in softwoods, while G- and S- units are presented in various ratios in hardwoods, with
trace amounts of H-units as well. Lignins from herbaceous plants incorporate G- and S- units at
comparable levels and additionally significant amounts of H-units.21, 22 The S/G ratio is defined as
the ratio of syringyl and guaiacyl units in lignin structure, which influence the biomass
recalcitrance and sugar release efficiency.23 The monolignols are covalently connected by different
interlinkages including the labile C-O bonds (e.g., 𝛽-O-4’ ether) and the recalcitrant C-C bonds
(e.g., 𝛽-𝛽 resinol and 𝛽-5 phenylcoumaran) (Figure 2.1). 𝛽-O-4 linkages are the main linkages in
lignin structure, which are in the range of 43% - 65% in nature lignocellulosic biomass.18 All of
these subunits and inter linkages contribute to the heterogeneity and complexity of lignin
macromolecular structure.24 Figure 2.2 illustrates a representation lignin structural subunits and
inter-unit linkages.
Lignin is considered as the recalcitrant biopolymer in the cell wall, which forms the lignincarbohydrate complexes (LCC) and inhibits enzyme accessibility.25 The lignin molecular weight,
chemical structure, and degree of polymerization (i.e. molecular weight) could influence the
8

Table 2.1. Biopolymer composition (i.e. cellulose, hemicellulose, and lignin) in various
biomasses.25, 26
Biomass

Component (% dry weight)
Cellulose

Hemicellulose

Lignin

Switchgrass

34

27

17

Monterery pine

42

21

26

Eucalyptus saligna

48

13

27

Corn stover

37

24

18

Miscanthus

37

36

25 (Klason lignin)

Poplar

44.7

18.6

26.4

Pine

44.6

21.9

27.7

9

Figure 2.1. Lignin monolignols, subunits, and inter linkages.

Table 2.2. Relative distributions of lignin monomers (%).25
S

G

H

Poplar (Populus euramericana)a

63

37

–

Birch (Betual verrucosa)a

78

22

–

Spruce (Picea abies)a

Trace

98

2

Miscanthusb

44

52

4

Wheat (Triticum aestivum)a

56

49

5

Alfalfa (Medicago sativa)c

39

56

5

a

Thioacidolysis of extractive-free cell walls

b

Milled wood lignin

c

Thioacidolysis and acetyl bromide treatment.

10

Figure 2.2. Representation of lignin structure.
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enzyme hydrolysis. In general, the lignin with smaller molecular weight could be easier to remove
because of less cross-linkages with polysaccharide matrix. Therefore, decreasing lignin molecular
weight is conceivable to reduce the biomass recalcitrance.25

2.1.2 Hemicellulose
Hemicellulose is the second most major polysaccharide in terrestrial nature. Unlike cellulose
which has a homogeneous structure, hemicellulose is typically shorter and highly branched
heterogeneous polymers encompassing xylose (Xyl), arabinose (Ara), mannose (Man), glucose
(Glu), galactose (Gal), and sugar acids.27 The monomer sugar structures found in hemicellulose
are shown in Figure 2.3. Hemicellulose compositions vary with different biomasses (Table 2.3).
The most relevant hemicellulose is xylans in hardwood and glucomannans in softwood. Xylans
are heteropolysaccharides with 1,4-linked β-D-xylopyranose homopolymeric backbone chains. In
addition to xylose, depending on different sources of xylans, it may contain arabinose, glucuronic
acid or its 4-O-methyl ether, and acetic, ferulic, and p-coumaric acids.28 The mannan
polysaccharides are derived from mannose along with sugars such as galactose and glucose, which
bind with cellulose or crystalline fibrils and store as non-starch carbohydrate reserves.29 These
heterogeneous substituents and polymer-backbone linkages render the amorphous structure of
hemicellulose and make most of hemicellulose soluble in aqueous solutions.30
The hemicellulose degree of polymerization is in the range of 80 – 200 and can be degraded in
an acidic or alkaline medium.31 The hemicellulose chain configuration and intermolecular
association can be influenced by the difference in hemicellulose structure, which may have an
impact on the functionality and valorization of these polysaccharides.31

2.1.3 Cellulose
Cellulose is the most abundant natural terrestrial biopolymer and is a source of many sustainable
fuels, chemicals, and materials. Plants are the dominant resource of cellulose which serves as the
main skeletal component of the plant cell walls.33 This sustainable and widely available
biopolymer with remarkable chemical and physical properties allows its use in materials
applications such as textiles, cordage, cellophane films, and conventional paper. Cellulose is a
linear polysaccharide composed of cellobiose repeating units linked by β-(1-4) glycosidic bonds
(Figure 2.4).34 The existence of three hydroxyl groups on each β-(1-4)-glucopyranosyl unit
12

Figure 2.3 Monomer sugars found in hemicellulose.

Table 2.3. Percent dry weight (% dw) compositions of the hemicelluloses of typical biomasses in
North America.32
Feedstock

Xylan

Mannan

Arabinan

Galactan

Pine

8.8

11.7

2.4

White Oak

18

2.9

2.4

0.4

Poplar

17.4

4.7

1.8

1.2

Corn stover

21.5

0.6

1.8

1

Switchgrass

20.4

0.3

2.8

0.9

Figure 2.4. The basic structural unit of cellulose.
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contributes to the formation of intra- and intermolecular hydrogen bonding that play a pivotal role
in the physical and chemical properties of cellulose fibers and cellulose-based materials.35
There are two main parameters are used to describe the cellulose structure: the crystallinity index
(CrI), which is the relative amount of crystalline fraction in cellulose; and the degree of
polymerization (DP), which is the average number of monomer units in polysaccharide chain.36
The CrI can be measured using X-ray diffraction (XRD), solid-state

13

C nuclear magnetic

resonance (NMR), Fourier-transform infrared spectroscopy (FTIR), and Raman spectroscopy. The
analysis of CrI can determine the cellulose structure and utilization either as material or as
feedstock for biofuel production. DP is another important factor to understand cellulose structure,
which is usually measured using viscometry and gel permeation chromatography (GPC). The study
of DP could understand cellulose properties, determine physical properties (i.e. strength), and
influence the enzymatic hydrolysis process.37 In general, the high CrI and DP of cellulose perform
more resistant to enzymatic hydrolysis and have better tensile properties.36 Table 2.4 summarizes
the typical cellulose crystallinity index and degree of polymerization from different biomass.

2.2 Strategies in biomass conversion process
The recalcitrance of lignocellulosic biomass has been one of the major obstacles in achieving
cost-effective biorefineries.39 It has been attributed to several factors including structural
heterogeneity and complexity of plant cell walls, degree of lignification and lignin structure,
cellulose crystallinity and degree of polymerization (DP), hemicellulose content, and the presence
of acetyl groups.40 Hence, pretreatment is needed to break down the lignin-polysaccharide matrix,
which can improve the accessibility of cellulose and hemicelluloses to the hydrolytic enzymes.21,
41, 42

In the past two decades, some of the commonly investigated pretreatments include dilute

acid,43, 44 lime,45, 46 ammonia fiber explosion,47 microwave,48 ionic liquid,43, 49 and hydrothermal
pretreatment50 are developed to reduce the recalcitrance of lignocellulosic biomass. Table 2.5
highlights the advantages and disadvantages of different pretreatment strategies.
Compared to other pretreatment methods, organosolv pretreatments have several advantages
such as easy recovery of organic solvents, relatively mild reaction conditions, and the utilization
of all three biomass components.51, 52 Organosolv pretreatments usually use a mixture of an organic
liquid (e.g., methanol, ethanol, glycerol, and ethylene glycol) and water, with or without the
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Table 2.4 Cellulose crystallinity index and degree of polymerization from different biomass.37, 38
Substrate

CrI (%)

DP

Rice straw

57.0a

-

Poplar

49.9a

3500c

Corn stover

50.3a

7300c

Loblolly pine

62.5b

3642d

Switchgrass

44.0b

1891d

Poplar

49.9a

3500c

Tamarix ramosissima

41.0a

-

Costal Bermuda grass

50.2a

-

Wheatstraw

-

1045c

Bagasse

-

925c

a: CrI was measured by XRD, b: CrI was measured by solid-state NMR, c: DP was measured by
viscometry, d: DP was measured by GPC.
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addition of acid catalyst. The organosolv mixture partially hydrolyzes lignin bonds and lignincarbohydrate bonds at elevated temperatures (>100 ℃), resulting in a solid residue composed
mainly of cellulose and some hemicellulose.53 Furthermore, organosolv pretreatments are reported
to extract lignin from lignocellulosic materials efficiently and be able to produce such “highquality” organosolv lignin with high purity, narrowly distributed low molecular weight, and good
solubility in various organic solvents.53-55
The most common organosolv process in pulping industry adopts ethanol (EtOH)/water with
sulfuric acid or a small amount of mineral acid. Choi et al. reported an ethanol organosolv
pretreatment obtained 80.2% of glucose, 12.0% ethanol organosolv lignin, and 7.9% furfural of
eucalyptus in conditions of 160 ℃.56 Some other studies on ethanol organosolv pretreatment
reported ~70-95% cellulose conversion yields and ~70% conversion of xylan in the subsequent
enzymatic hydrolysis process.57-59 For the emerging biofuel and biorefinery industry, several novel
organosolv processes using biomass-derived organic solvents such as Cyrene,60 tetrahydrofuran
(THF)62 and 𝛾 -valerolactone (GVL),63 have been developed to fractionate the lignocellulosic
biomass in a cost-effective manner. Among these pretreatment approaches, the co-solventenhanced lignocellulosic fractionation (CELF) employed THF as a miscible co-solvent with
aqueous dilute acid was used to increase biomass delignification and depolymerization.64 THF is
a unique polar aprotic solvent with a low boiling point which can be easily recovered from the
solution after pretreatment to avoid potentially complicated and energy-intensive solvent recovery
process.65 Nguyen et al. have reported CELF pretreatment could obtain up to 95% theoretical yield
of glucose, xylose, and arabinose from corn stover which is essential for the low-cost conversion
of biomass to liquid fuels.66

2.3 Utilization of nanocellulose
2.3.1 Nanocellulose structure
Nanoscale structured celluloses can be derived from cellulose pulp through a combination of
mechanical and chemical treatments. Cellulosic nanofibrils (CNFs) and cellulosic nanocrystals
(CNCs) are the two general types of NCs. Cellulosic nanofibrils (CNFs), also called nanofibrillated
cellulosics or microfibrillated cellulose can be prepared by the mechanical shearing process of a
suspension of wood-based cellulose fibers, such as high-pressure homogenization.34 Various
modifications to cellulose fiber, such as oxidation, acidic and enzymatic treatment, have been
16

Table 2.5. Pretreatment strategies and their advantages and disadvantages.16, 61
Pretreatment

Cell Disruption Method

Advantages

Disadvantages

Mechanical Methods

Bead milling

Cell wall grinding with
spinning solid beads.

Applicable for wet microalgal
pastes and components that can be
easily separated.

High energy required.

Reduced cellulose crystallinity.

Heat generated may cause
thermal degeneration.
High installation cost.
Beads should be replaced
periodically.

High disruption efficiency.

Ultrasonication

Microwaves

Cavitation effect and
Brief pretreatment time.
acoustic streaming from
ultrasonic waves create
high pressure and heat Components such as solvent/beads
are not required.
for disrupting cell

Interaction between
high-frequency shock
waves and charged
molecules creates highpressure and heat to
disrupt cells.

High energy required.
Cooling required for the
excess heat generated.
Oxidative free radicals
formed cause damage.

Minimum maintenance costs.

Not applicable to all algae.

High disruption efficiency.

Component structure may
change due to changes in
non-covalent interactions.

Short pretreatment time.

High maintenance cost.

Low energy demand.

Cooling required for excess
heat generated.

Easy to scale up.
Thermal Methods

Steam explosion

Biomass is exposed to
steam at high T and P
followed by
depressurization that
causes an explosion to
rupture the cell
membrane.

High cell disruption efficiency.

High temperature (180–
240 °C) and pressure (1.03–
3.45 MPa).

Low maintenance.

Disruption efficiency varies
with species.

Resistant to corrosion.
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Table 2.5. Continued

Freezing and
thawing

Biomass freezing to form
large ice crystals that Mild operating conditions, suitable
for extracting sensitive
Time-consuming.
expand and disrupt the
components.
cell wall. Excess
disruption with repeated
freeze-thaw cycles.
Biomass blending is not needed. Energy and cost-intensive.
Chemical methods

Acid/alkali
treatment

Acid- hydrolysis of cell
wall polymers.

Low energy demand

Highly prone to corrosion.

Alkali- saponification of
cell wall lipids for cell
disruption.

Low temperature.

Formation of fermentation
inhibitors (furfurals).

Short reaction time.

Protein denaturation

Easy to scale up.

Co-solvent
enhanced
lignocellulosic
fractionation

Degrade lignin into
fragments and dissolved
in co-solvent

Low boiling point.

Enhances hydrocarbon fuel
precursor yields from
lignocellulosic biomass.

Enhances hydrocarbon fuel
precursor yields.

Increases digestibility of
biomass.

Increases digestibility of biomass.
Biological methods
Hydrolysis of the cell
wall by enzymes from
Enzymatic
bacteria and fungi
hydrolysis/Fungal
destroys cell wall
Treatment
polymers to access
intracellular glucans.

Mild reaction conditions.

Enzyme is costly.

High product quality and purity.

Enzyme specificity requires a
cocktail of enzymes.

Low energy demand.

Long reaction time (2–4
weeks).

No chemicals required.
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proposed to reduce energy consumption in the mechanical shearing process.67 The morphology
and dimension of CNFs can be varied depending on the extent of fibrillation and pretreatment
conditions to obtain diameters of ~20 to 100 nm, length greater than 1 µm and aspect ratios of ~10
to 100 (Figure 2.5b).68, 69 During the various treatment processes such as oxidation through 2,2,6,6tetrametyl-1-piperidinyloxy (TEMPO) method or sulfonation using periodate and bisulfite, the
surface of CNFs become more negatively charged due to the presence of carboxylic acid groups
or sulfate ester groups.70 The electrostatic repulsion between the negatively charged CNFs benefits
good dispersion and stability in aqueous phase.69, 71-73 Cellulosic nanocrystals (CNCs), also known
as nanocrystalline cellulose or cellulose whiskers, are typically generated by strong acid hydrolysis
of cellulosic fibers using sulfuric acid or hydrochloric acid. Under controlled strong acid
hydrolysis conditions, the amorphous regions of cellulosic fibers are solubilized which leaves rodlike highly crystalline solids. These CNCs have typical diameters of 5-20 nm and several hundred
nanometers in length (Figure 2.5a).68 It has also been found that CNCs are randomly oriented in
aqueous suspension as an isotropic phase below a critical concentration. Above the critical
concentration, CNCs suspensions transform from an isotropic to an anisotropic chiral nematic
liquid crystalline phase and they display a chiral nematic (cholesteric) liquid crystalline behavior.
Specifically, as the particle concentration increases, CNCs dispersions transit from an isotropic
state into a biphasic phase and perform the “liquid crystalline” character.71, 73, 74 Moreover, the
carboxylation of CNCs surface by TEMPO oxidation or dicarboxylic acids could result in a higher
surface charge, which facilitates functionalization and a good dispersion in aqueous media.75, 76

2.3.2 Nanocellulose cross-linking
The abundant hydroxyl groups at the NCs surface can function as a reactive site to form a variety
of cross-linked covalent linkages such as ester, hydrazone, and mercapto-ester bonds.77
Chemically cross-linked NC-based materials can be produced either directly between the cellulose
nanofibers simply by heating to form ester bonds between carboxyl and hydroxyl groups in
modified NCs (Figure 2.6), or mediated by cross-linkable polymer matrices (such as phenolic
resins, polyamide epichlorohydrin resins, and melamine formaldehyde) with NCs or modified
NCs.78 The formation of covalent bonds between NCs and cross-linking agents enhances the
dimensional stability, resulting in improvements in water resistance, structural stability, thermal,
and mechanical properties.79-81
19

Figure 2.5. (a) Transmission electron micrograph of CNCs and (b) scanning electron micrograph
of CNFs

Figure 2.6. An example of modified NCs (TEMPO-oxidized NCs)

20

Physically cross-linking of NCs is based on reversible interactions including electrostatic
interactions, hydrophobic interactions, hydrogen bonds, or van der Waals interactions that occur
between polymer chains and result in molecular entanglements or self-assembly.82, 83 Physically
cross-linking is not very stable depending on various process conditions such as pH, concentration
and temperature.84, 85 The different performances can be tuned by adjusting the nature and the
quantities of each component to control the number of interactions. Also, individual physically
cross-linkages are typically weaker than chemical ones, making them more likely to break and
possibly rearrange upon stress.78

2.3.3 Chemically linked nanocellulose materials
Chemical cross-linking of NCs is achieved by covalently-linking NCs or mediated by crosslinkable polymer matrices (such as phenolic resins, polyamide epichlorohydrin resins, and
melamine formaldehyde). Covalent linkages can be formed by a reaction of functionalized NCs
surface (e.g. hydrazide-modified CNCs and aldehyde-modified CNCs86) or between functional
groups (such as -OH, -COOH, -NH2) on a polymer matrix and –OH or –COOH groups on NCs,
establishing ester or amide linkages. The covalently-linked NC-based materials are listed in Table
2.6 along with their fabrication components, water resistance, thermal properties, and mechanical
performance.
Covalent cross-linkages improve the mechanical properties (i.e., tensile strength, compression
strength, Young’s modulus) of NCs-based materials in both dry and wet conditions. The
mechanical strength of dry state was improved by limiting interfibrillar slippage by intermolecular
covalent linkages.71 Moreover, the mobility of the NCs chains decreased when cross-linking
density increased in dry state, which improved the mechanical stability of the NCs fibers.87 In wet
state, NCs have strong affinity for water due to the abundant hydroxyl groups on their surface.
Under moist conditions, the amorphous regions of CNF can absorb significant amount of water
within the fibers and on the surface, which weakens the fibril-fibril interactions. The surface water
molecules act as plasticizer and reduce network stiffness and strength.88 In the cross-linking
process, the water molecules cannot efficiently penetrate and break the hydrogen bonds between
adjacent NCs units. Therefore, the cross-links stabilize the moisture-sensitive hydrogen bonds by
protecting a larger fraction of the pre-existing hydrogen bonds from the disrupting and dissolving
action of water.77 Therefore, the creep tendency of the hydrogen-bonded arrays is reduced when
21

Table 2.6. Properties of chemically cross-linked NCs-based material.
Fabrication

Water properties

Thermal

Mechanical properties

properties

Potential

R

Applications

ef.

Ester-linkages
Thermal

Maximum of 6.35 kPa

Thermal

conductivity as

in compression

protective

low as 0.03 W/(m

modulus

equipment

K)
-

513 kPa in yield

Inorganic/or

glutaraldehyde

strength, 8.6 MPa in

ganic hybrid

aerogels

Young’s modulus
Maximum 2.76 MPa

foams

in compression

Medical or

modulus, 0.86 MPa in

packaging

compression stress at

applications

CNFs/BTCA/MDP
A

sponge-like

-

aerogels
CNFs/PVA/MTM-

CNFs

or

-

Up to 10-foad

CNCs/PMVEMA/P

water of their

EG foams

initial weight

-

90

91

92

50% strain
Contact angle
increased from
TOCNs/PAE hybrid
films

59.73° to 75.71°.

Maximum weight
loss occurred at

Moisture uptake

276°C

decreased from

Young’s modulus of

Applied

9.0-11.2 GPa, high

under high

tensile strength of

humid

102-135 MPa

conditions

93

189% to 17%
Maximum

CNCs/PVA
composite films

Water
adsorption value
of 175.7%

thermal
degradation

42.5 MPa in tensile

temperature

strength.

occurred at

Reverse
osmosis

81

membrane

366.7°C
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Table 2.6. Continued
Water vapor
transmission rate
are 160 g m-2
CNFs/MMT/PAE or
ACR films

day-1 for
CNFs/MMT/AC
R and 190 g m-2
day-1 for
CMFs/MMT/PA

The degradation

Average tensile

point decreased

strength of 90-130

from 350°C (pure

MPa, Young’s

Food/drug

CNF) to 240°C

modulus in the range

packaging

(addition of 10%

of 4-5.5 GPa, strain at

PAE)

failure values of 4-9%

94

E
The onset
Bifunctional
reactive CNCs/PVA
films

temperature of

Water vapor
barrier
decreased

the first
degradation was
in the range of

52 MPa in tensile
strength and 2.9 GPa
in Young’s modulus

Reinforcing

95

agent

254-265 °C
Amide-linkages
Adsorption of
chloroform and
CNFs/MDI aerogels

water are 63.6
mL/g and 5.3

Filters for
43% char residue
at 500°C

209 kPa in Young’s

hydrophobic

modulus; 13.8 kPa in

liquids and

yield stress

water

mL/g

80

separation
Biological

Gentamicin
modified
CNFs/CAA/APTES
sponges

Around 14 kPa

5935% water
adsorption
value.

-

compression stress at
50% strain with 71%
shape recovery rate

applications,
such as
wound

96

dressing and
water
sterilization
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Table 2.6. Continued
Biomedical
devices,
TOCNs/alginate
hydrogels

Moisture
absorption value

wearable
-

-

is around 150%

sensors, and

97

drugreleasing
materials
10% weight loss

Chitosan/PVP/oxidi
zed CNCs hydrogels

An equilibrium
swelling ratio of
786%.

occurred at
218°C; maximum

Maximum 385.0 kPa

Biomedical

decomposition

in compression stress

applications

98

rate occurred at
272°C
3.4 MPa in the tensile

P(AAm-coAAc)/CNFs/Fe3+

-

-

hydrogels

modulus, 10.0 MPa in

Biomedical

tensile strength, and

and tissue

549% of strain to

engineering

99

failure

The started
CTS-TOCNs film

-

degradation
temperature at
~227°C

424.3 MPa in
modulus, 61.2 MPa in
tensile strength, and

-

100

3.03% in elongation
rate
Replacement

CNFs/PAE
filaments

-

-

The strength and

for naturally

modulus increased to

and

369.8 MPa and 28.9

industrially

GPa

produced

101

fibres
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subjected to mechanical stresses. It might also limit swelling behavior of the cross-linked
materials.87 Moreover, increased cross-linking and proximity among NC chains did not reduce the
ductility.89

2.3.3.1 Ester linkages
Esterification is an effective and efficient crosslinking method without the formation of toxic
side products. Ester linkages can be formed between the hydroxyl groups and carboxyl groups
either between surface-modified NCs or by using NCs as a nanofiller within a cross-linkable
polymer matrix.102
Fourier transform infrared spectroscopy (FT-IR) is considered as one of the most commonly
used method to confirm the establishment of ester-linkages. In the CNFs spectrum, bands observed
around 1726 cm-1 and 1553 cm-1 are assigned to the C=O stretching vibration of ester groups and
carboxylate carbonyl groups from the treatment of the sample with base, respectively.103 Solidstate
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C NMR spectra also can be used to determine the formation of ester linkages. The

establishment of ester groups can be observed at 186.3 ppm.102
Through covalent-crosslinking reactions, a remarkable enhancement in mechanical properties
of NC fibers has been observed in both wet and dry state of NC-based materials. Liu et al. reported
the yield strength of poly(vinyl alcohol)/montmorillonite/CNFs (PVA/MTM/CNFs) cross-linked
with borax could reach ~900 kPa, while the yield strength of uncross-linked PVA/MTM/CNFs
reference was 250 kPa at 50% relative humidity.91 The enhanced tensile properties of wet films
were also observed by Yang et al. The wet polyamide epichlorohydrin resin/TEMPO-oxidized
CNFs (PAE/TOCNs) films (0.9 wt% PAE) had 95 MPa in tensile strength, 6.3 GPa in Young’s
modulus, and 2.4% strain at break with 2.6, 0.7, and 0.8-fold improvement, respectively, compared
to PAE/TOCNFs films with 0.1 wt% PAE.93 The enhanced mechanical properties of cross-linked
NC-based materials showed the capacity to be used in medical, food and drug packing
applications92, 94 Furthermore, the better wet mechanical performance improves the applications
of NC-based materials under high humid conditions93. In addition to the enhancement in
mechanical properties, the maximum thermal degradation temperature had the tendency to shift to
higher temperatures (maximum thermal degradation temperature was 252°C for TOCNs and
276°C for cross-linked PAE/TOCNs93), which indicated a better thermal stability of cross-linked
NC-based materials. The formation of cross-linkages limits the mobility of the polymer chains
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resulting in the improvement of thermal stability.104 Good thermal stability makes the cross-linked
NC-based materials have the potential to be used in flame resistant and thermal protective
equipment.103 Beyond that, the study of water properties observed a more hydrophobic
phenomenon of cross-linked NC-based materials. Yang et al. found that the moisture uptake ability
was decreased from 189% to 17% of cross-linked PAE/TOCNs films and TOCNs films,
respectively, which attributes to the fact that the cross-linking structure effectively limited the
water absorption among the fibrils and protected the interfibrillar hydrogen bonding.93 Therefore,
the cross-linked NC-based materials with increased hydrophobicity have shown the ability to be
used under aqueous or high humid environments.

2.3.3.2 Amide linkages
Several studies have utilized the ability to manipulate the carboxylic acid and amino
functionalities to form NCs-based materials linked through amide linkages.105-107 Such linkages in
NCs can be formed between the carboxyl groups of TOCNFs and free amino groups of polymer
matrix such as chitosan, alginate, and PAE.93 The existence of amide linkages between NCs and
the polymer matrix also be detected by FT-IR and 13C solid-state NMR spectroscopies. The peaks
that appear around 1540 cm-1 and 1234 cm-1 in FT-IR spectra are assigned to C-N stretching and
N-H bending of amides II and III, respectively,108 which confirm the establishment of crosslinkages between NC and polymer matrix. In 13C solid-state NMR spectra, the amide linkages can
be founded at around 172 ppm, which is attributed to the carbon of -CONH- due to the amidization
reaction between the NC and cross-linking agents (e.g. chitosan).100 The signal at 155 ppm is
caused by the likely formation of imine bonds between polyetheramines and aldehyde groups on
the nanocellulose surfaces.109
The improvement in mechanical performance was also witnessed in amide cross-linked NCsbased materials. Jiang et al. reported the maximum Young’s modulus of 209 kPa and maximum
yield stress of 13.8 kPa of cross-linked dry methylene diphenyl diisocyanate/CNFs (MDI/CNFs)
aerogels compared to 94 kPa Young’s modulus and 3.6 kPa yield stress of CNFs aerogel made by
freezing-thawing. In addition, adsorption of water and organic liquids was studied for MDI/CNFs
aerogels. The chemically cross-linked MDI/CNFs aerogels clearly became more hydrophobic as
the larger water contact angles with increasing cross-linking content. The absorption of water
sharply decreased from 112.1 mL/g to 5.3 mL/g, however, the absorption of chloroform decreased
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moderately from 100.8 mL/g to 63.6 mL/g.80 The study of gentamicin modified CNFs/cellulosic
acetoacetate/3-animopropyl(triethoxy)silane (CNFs/CAA/APTES) sponges also confirmed that
the cross-linked CNFs materials became more hydrophobic with the water adsorption decreased
from 8500% to 5935%.96 The increased hydrophobicity of cross-linked aerogels made them more
stable in aqueous media and showed the potential to be applied in aqueous conditions such as an
efficient and effective filter to separate water and organic solvent. Moreover, the thermal stability
also significantly improved with cross-linking. Tang et al. reported the thermal stability of crosslinked CTS/TOCNs dramatically enhanced. The cross-linked CTS/TOCNs started to degrade at
~227°C, whereas un-cross-linked CTS/TOCNs started to degrade at ~ 180°C.100 In these studies,
the amide cross-linked NC-based materials had similarities to ester cross-linked NC-based
materials in mechanical strength, thermal properties, and hydrophobicity that are useful for making
filters, biomedical devices and engineered biological tissues.

2.3.4 Physically linked nanocellulose materials
As mentioned above, covalent bonds substantially enhance the mechanical properties (e.g.,
tensile strength, compression strength, compression strength, Young’s modulus) for cross-linked
NCs and NCs-based materials. However, the chemically cross-linked materials are often difficult
to repair and recover from the permeant damage caused by the covalent bond rupture of the stiff
and brittle network during loading, cycles, leading to poor recoverability and fatigue resistance.110
Therefore, reversible non-covalent bonds instead of sacrificial covalent bonds address this issue.
Upon deformation, non-covalent bonds rupture and dissipate the energy in the network, but these
bonds can reform during the unloading process, resulting in the recovery of materials from
damages.111
Physically cross-linking, or non-covalently cross-linking, is usually obtained by physical
processes such as hydrophobic interactions, chain aggregation, molecular entanglements, traces of
crystallinity, hydrogen bonds, van der Waals forces, and ionic complexation.97, 112 In addition,
physical cross-linking is attractive because of its ability to avoid using covalent cross-linking
agents which may involve toxic or non-environmentally friendly reagents. The main physically
cross-linking methods in nanocellulose-based materials can be considered as ionic interactions.
The physical and mechanical properties and applications of physically crosslinked NC-based
materials are listed in Table 2.7.
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Table 2.7. Properties of physically cross-linked NC-based material.
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Table 2.7. Continued

CNCs/PVA/bor
ax composite
films

Glass transition and
23.3%
uptake
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decomposition
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Biomaterials
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wet
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M: Zn2+; PDA: polydopamine; PVA: Poly(vinyl alcohol); PAM: polyacrylamide; CTS: chitosan.
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2.3.4.1 Ionic interactions
Electrostatic interactions rely on the presence of surface charge and cannot be extended to
charge-neutral entities.88 Strong metal-carboxylate associations can be formed between metal ions
and carboxylate groups on NC during the ionic cross-linking process. During the ionically crosslinking process, the ionic interactions served as ionic cross-linkers and favored a “phase transition”
from colloidal CNFs to a homogeneous fibrous hydrogel. In these homogeneous hydrogels,
physical entanglement of CNFs provided strong interactions between polymer chains and metal
ions. Moreover, metal ions were nucleated and grew gradually on CNFs fiber network.113 These
metal-carboxylate bonds can be confirmed by FT-IR.123 The chemical shift between a strong
asymmetric –COO– stretching vibration and a weaker symmetric –COO– stretching vibration is
the most useful characteristic band to observe metal-carboxylate interactions. For example,
stretching vibration of the sodium carboxylate groups is around 1612 cm-1. More characteristic
vibrational peaks are summarized in Table 2.8.124
Various applications are studied of ionic cross-linked NCs materials, such as drug delivery and
wound healing. The amine, imine, catechol and other functional groups on the polymer matrix (e.g.
polydopamine) can serve as anchors for loading drugs bonding with NCs though hydrogen bonding,
π-π stacking, or van der Waals interactions.114 Drug release properties with “on-off’ pattern as well
as excellent pH response and near-infrared controllability for drug delivery were achieved in Ca2+
cross-linked TOCNFs/polydopamine (PDA).114 Basu et al. studied the potential application of Ca2+
crosslinked CNFs hydrogel in wound healing area, which described that the CNFs hydrogel was
able to hold water at a quantity of 40-50 times of their dry weight while releasing water at a rate
of approximately 365 g/m2 per day compared with the values of 204 g/m2 per day for healthy skin,
279 g/m2 per day for first degree burn, and 5138 g/m2 per day for granulating wounds. Additionally,
higher mechanical performance of ionic cross-linked NCs-base materials was also discussed by
Han et al., which makes structurally strong scaffolds or templates for functional composite
materials in biomedical engineering.114, 115
As mentioned previously, the strength of the NCs materials can be improved by cross-linking
process. In physically cross-linking, different ions of different valence states could achieve high
modulus negatively charged NC hydrogels125 or result in high-strength CNFs filament by
inhibiting electrostatic repulsion between the CNFs.101, 126 In chemically cross-linking, the NCs30

Table 2.8. Assignment of the main vibrational modes for strong asymmetric COO stretching
vibration and its metal complexes
Assignment

Wave number (cm-1)

Free carboxyl groups

1722.7

Sodium carboxylate groups

1596.3

Calcium carboxylate groups

1590

Zinc carboxylate groups

1588.8

Copper carboxylate groups

1585.2

Nickel carboxylate groups

1583.3

Cadmium carboxylate groups

1578.5

Lead carboxylate groups

1563.2
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based materials could achieve a stable structure and low swelling rate.101 Therefore, a doublenetwork of chemically and physically cross-linked NCs materials has also been used to enhance
the mechanical properties. Upon deformation, the network of physical cross-linkages ruptures and
efficiently dissipates energy, therefore, these interactions protect the ductile covalent network from
crack propagation. Furthermore, the physically crosslinked bonds recover during unloading
process, resulting in the recovery of double network hydrogels.99

2.3.5 A typical application of using the crosslinking material as a heavy metal ions
removal agent
Heavy metals pose serious public health and environment problems in water contamination due
to their properties of persistent, non-biodegradable and toxic from industrial effluents. Among the
technologies such as chemical precipitation, electrolysis, and ion exchange, adsorption is regarded
as a more efficient method due to its low cost and high efficiency.127 Recently, NC and NC-based
materials have shown a great potential in solving heavy metal contamination problems (such as
copper, cadmium, lead, and mercury) as absorbents in drinking water as eco-friendly materials.128
Due to high specific surface areas and numerous reactive groups, modified or cross-linked NCs
with functional groups (such as amino, sulfonic acid, and carboxyl groups) are able to remove
heavy metal ions from aqueous media.129 At low heavy metal ions concentration (e.g. Cd(II)), the
adsorption pathway was dominated by the interactions between metal ions and functional groups
(e.g. Cd2+ ions and COO- group). Besides, heavy metal ions behaved as an effective cross-linking
agent to bind negatively charged NC particles by ionic interactions in aqueous media. At high
concentrations, the adsorption was dominated by the mineralization of heavy metal hydroxide
crystals within the NC scaffold.130 The interactions between NC and metal ions can be elucidated
by visual examination.
Table 2.9 tabulate several composites and maximum heavy metal absorption capacity. Several
studies reported that the Pb(II) adsorption value of CNFs and CNCs are 10.20 and 43.1 mg/g,
respectively.129, 131 However, the maximum 217.39 mg/g Pb(II) adsorption of NPIHs hydrogels
(CNFs/poly(2-(dimethylamino) ethyl methacrylate)) was reported by Kardam et al., which
confirmed the significant improvement in heavy metal adsorption ability of cross-linked NC-based
materials.132 The BTCA functionalized CNCs/poly(vinyl alcohol-co-ethylene) (PVA-co-PE)
composite membranes were treated by NaHCO3 which converts the carboxyl group –COOH to
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Table 2.9. Maximum adsorption capacity of metal ions on NC-based materials.
Metal Ions

Pb2+

Reported Maximum

Material Composition

Ref.

Absorption (mg/g)

BTCA-CNCs/PVA-co-PE,
TNCC, NPIHs

Xu et al.128, Li et al.132,
471.55

Zhu et al.127, Li et
al.133

Cr6+

TNCC

103.26

Xu et al.128

Mn2+

BTCA-CNCs/PVA-co-PE

Around 63

Zhu et al.127

Cu2+

TOCNFs, TNCC, S-CNFSL,
TEMPO-CNCs, NPIHs, NPA

Xu et al.128, Li et al.132,
374

Karim et al.134, Li et
al.133

Fe2+/Fe3+

S-CNFSL

456

Karim et al.134

Ag+

S-CNFSL

0.87

Karim et al.134

Cd2+

NOCNFs

2550

Sharma et al.130

Hg2+

SNC-3-MPA

98.6

Ram et al.135

BTCA-CNCs/PVA-co-PE: CNCs/poly (vinyl alcohol-co-ethylene) (PVA-co-PE) nanofibrous membrane
functionalized with 1, 2, 3, 4- butanetetracarboxylic acid; TNCC: Tannin-immobilized CNCs; S-CNFSL:
Cellulose sludge/CNF; NOCNFs: extracted CNFs by nitro-oxidation; NPIHs: CNFs/poly(2-(dimethylamino)
ethyl

methacrylate)

interpenetrating

network

hydrogels;

SNC-3-MPA:

spherical

nanocellulosic-3-

mercaptopropionic acid; NPA: polyethyleneimine
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carboxylate –COONa to improve the absorptivity of heavy metal ions. BTCA was used as the
absorbent and a bridge between CNCs and PVA-co-PE. After immobilization, there are still two
unoccupied carboxyl groups from BTCA as chelating groups for heavy metal ions.127 Moreover,
the carboxylate form (COO-Na+) is easier to dissociate than the carboxylic group, in which Na+
could exchange with heavy metal ions easier.129 Xu et al. reported a black wattle tannin and NC
nanocomposite biosorbent via a novel route that involves periodate oxidization of CNCs to yield
dialdehyde CNCs (DANC) and then covalently immobilized black wattle tannin on to DANC
through the reaction between the aldehyde groups on DANC and reactive groups on tannin
molecules. The obtained tannin-CNCs composites were applied to adsorb not only positively
charged metal ions, Cu(II) and Pb(II), but also negatively charged metal ion groups (e.g. HCrO4-,
CrO42-, or Cr2O72-), from aqueous solutions.128 Thiol-modified spherical NC (SNC) was
functionalized with 3-mercptopropionic acid (3-MPA) to generate a thiol-based new adsorbent
(SNC-3-MPA). The larger surface area of SNC than cellulose and the presence of thiol active side
groups which provide better interaction with soft acid Hg(II) ions and thus could enhances its
Hg(II) ions adsorption (maximum 98.6 mg/g).135
The adsorption capacity also significantly depends on the pH of the aqueous solution which
affects both the speciation of metal ions and the surface charge of the adsorbent. High adsorption
of Cr(VI) was observed at acidic pH of 1-3,130 however, the highest adsorption of Pb(II), Cu(II),
Cd(II), and Hg(II) appeared around neutral pH128, 132, 135, while carboxylic groups are difficult to
dissociate at a lower pH value.127 This might be ascribed to different adsorption steps for various
metal ions.128, 130 Take the Cr for example, Cr(VI) exists in the forms of HCrO4- (pH<4), CrO42−
and Cr2O72− (pH>4) in aqueous solution; it was first reduced to Cr(III) by hydroxyl groups, while
the hydroxyl groups were oxidized to carboxyl groups. Then the Cr(III) was absorbed onto NCbased adsorbents by ion exchange with hydroxyl and carboxyl groups. The higher electric
repulsion with higher pH resulted in higher ionization which limited chemical interaction between
Cr(III) and NC, and decreased the adsorption capacity.136 As for greater adsorption of Pb(II),
Cu(II), Cd(II), and Hg(II) at higher pH, the reason may lie in the increased ionization degree which
caused the conductivity increase, and stronger electric attraction between metal ions and functional
groups on NC.128, 130
Furthermore, adsorption is a reversible interaction, the study of recycling of the used adsorbent
and recovery of heavy metal ions by desorption process also attracted significant interest.135 In
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general, the regeneration process usually is processed by washing the adsorbent with aqueous
solutions such as HCl, HNO3, and CH3COONa. Moreover, a more economic regeneration and
reuse method by directly mechanical squeezing after adsorbing metal ions has been reported by Li
et al.133 Most NC-based materials can be reused for at least five cycles which indicates these
adsorbents have high retention capacity.127, 128, 135
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Chapter Three: Experiment methods and materials
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3.1 Materials and chemicals
3.1.1 Biomass materials
In this thesis work, three types of biomass feedstocks were used. The wild-type Alamo
switchgrass used in this work was provided by the Samuel Roberts Noble Foundation in Ardmore,
OK, grown in 2011 and harvested in 2012. Field-grown Alamo switchgrass T1-COMT and T0MYB strains were established at University of Tennessee in 2011 and 2012, respectively, and both
were harvested in 2013 stored in National Renewable Energy Laboratory (NREL). Poplar biomass
was provided by National Renewable Energy Laboratory (NREL) with particle size less than 1
mm. The cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs) were purchased from the
University of Maine.

3.1.2 Reagents
Chemicals and reagents utilized for this thesis were of analytical grade and used as received
from Thermo Fisher Scientific (Hampton, NH) and Sigma-Aldrich Corp (St. Louis, MO). G8 glass
fiber filter for carbohydrate analysis were purchased from Thermo Fisher Scientific (Madison, WI).

3.2 Experimental procedure
3.2.1 Soxhlet extraction
The biomass samples were first placed into an extraction thimble in a Soxhlet extraction
apparatus. The extraction flask was filled with toluene/ethanol (2:1, v/v) and refluxed for 8 h.
Using acetone refluxed samples for another 4 h. The extractive-free samples were air-dried in the
fume hood overnight for further analysis.

3.2.2 Biomass lignin isolation
The extractive-free dry biomass was first placed in a porcelain jar with porcelain grinding media
and grounded in a rotary ball mill for 2 h at 600 rpm. Then the ball-milled extractives-free biomass
samples were hydrolyzed twice by enzyme mixtures in sodium acetate buffer (pH 5, 37℃) using
Accelerase 1500 (0.25 mL of enzyme loading/g of biomass) for 48 h. The residue was isolated by
centrifugation and then treated with Streptomyces griseus protease (Sigma-Aldrich) at 37℃ for 48
h to remove the remaining cellulases. The residue was washed through repeated centrifugation
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using DI water and freeze-dried. The solid residue was then incubated at 10% w/v loading with pdioxane/water mixture (96%, v/v) at room temperature for 48 h and repeated two times. The
extracts were combined, rotary evaporated, and freeze-dried to recover crude lignin. The crude
lignin was dissolved in 90% v/v acetic acid:water, centrifuged, washed with DI water, and then
freeze-dried to recover CEL.

3.2.3 Biomass cellulose isolation
Extractives-free biomass (~0.6 g) were mixed with 32 wt% peracetic acid (7.5 ml) and DI water
(1.8 ml). The mixture was stirred for 24 h at room temperature following by filtration and washed
by DI water. The achieved holocellulose samples were dried in the fumehood overnight. The
holocellulose samples were then stirred in 17.5 wt% NaOH solvent (5 ml NaOH/100 mg biomass)
for 2 h. Added same amount of water to dilute NaOH solvent to 8.25% and stirred for another 2 h.
Finally, the isolated cellulose samples were collected by filtration and washed by 1 wt% acetic
acid and excess amount of DI water until the cellulose became white.

3.2.4 Biomass pretreatment
3.2.4.1 Dilute acid pretreatment
Dilute acid pretreatments were performed in 300 ml Parr reactor with 5 wt% biomass loads. The
pretreatment condition was 150℃ for 30 min with 0.5% H2SO4 by volume and along with stirring.
After pretreatment, the reactor was cooled down to room temperature by immersing in ice water.
The biomass residue was washed by DI water and dried in fumehood overnight.

3.2.4.2 Ethanol (EtOH) pretreatment
The ethanol pretreatment was conducted in ethanol:water (60:40, v/v) solvent mixture with 0.35
wt% sulfuric acid as a catalyst. The pretreatment was performed at 190 ℃ for 1 h with 2.5 wt%
total biomass loading along with stirring.137 Before pretreatment, biomass was soaked overnight
with all the ingredients at room temperature. After pretreatment, the reactor was cooled down to
room temperature and then the solid residue was filtered. Five volumes of deionized water were
added to the filtrate to precipitate the lignin. Finally, the precipitated lignin that formed overnight
was recovered by centrifugation, washed with deionized water at least three times, and then freezedried before analysis.
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3.2.4.3 Tetrahydrofuran (THF) pretreatment
The THF pretreatment was performed using THF:water (1:1, v/v) as cosolvent and 0.5 wt%
sulfuric acid at 140 ℃ for 20 min along with stirring with 2.5 wt% total biomass loading.138
Biomass was soaked overnight with all the ingredients at room temperature before the pretreatment.
After pretreatment, the reactor was cooled down to room temperature. Lignin dissolved in THF
was precipitated in exceed amount of water and recovered by filtration. The isolated lignin was
freeze-dried and store in refrigerator for further analysis.

3.2.4.4 γ-valerolactone (GVL) pretreatments
~ 5 g biomass was loaded into the Parr reactor with ~ 195 g GVL:water solvent system (80:20,
w/w) and 0.75 wt% H2SO4 overnight. The slurry was pretreated at the mild temperature of 120
℃ with stirring.63 After pretreatment, the solid residue was filtered and lignin dissolved in the
filtrate was precipitated in exceed amount of water. Finally, the precipitated lignin was recovered
by filtration and freeze-dried before analysis.

3.3 Analytical instrumentation
3.3.1 Characterization of biomass samples
3.3.1.1 FT-IR analysis
Fourier transform infrared spectroscopy (FTIR)-Attenuated Total Reflection (ATR) of samples
were performed in a PerkinElmer Spectrum 100 FT-IR Spectrometer with ATR accessory
(PerkinElmer, Waltham, MA, USA) at a resolution of 4 cm-1 in 4000-600 cm-1 range and 32 scans.

3.3.1.2 Molecular weight measurement
The molecular weight analysis was determined via gel permeation chromatography (GPC). The
degree of polymerization (DP) of cellulose was determined after cellulose tricarbanilation. 139
Unpretreated and pretreated cellulose samples (~10 mg) were placed in separate vials with micro
stir bars and dried in the oven at 40 ℃ overnight. The vials were then capped with PTFE caps. 2
mL anhydrous pyridine and 0.5 mL phenyl isocyanate were added to the vials and reacted in dark
at 70 ℃ in a sand bath for 72 h. In addition, another 0.1 mL phenyl isocyanate was added to ensure
complete derivatization of cellulose after 48 h reactions. After reaction, 1 mL methanol was added
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to quench any remaining phenyl isocyanate and kept the solution in the sand bath at 70 ℃ for 10
min. The reaction solution was added dropwise to 50 mL 70/30 (v/v) methanol/water mixture to
precipitate the derivatized cellulose. The flocculent solids were filtered and washed with
methanol/water (70/30, v/v) followed by water. The derivatized cellulose was then dried at room
temperature. After drying, the derivatized cellulose was dissolved in THF (0.5 mg/mL) and filtered
through PTFE filter membrane (0.45 𝜇m) into GPC vials for GPC analysis.
The molecular weight of lignin was measured after lignin acetylation to allow the dissolution
in THF.140 In brief, approximately 10 mg dried lignin sample was dissolved in a 1:1 acetic
anhydride-anhydrous pyridine mixture (1 mL) and stirred in dark for 24 h at room temperature.
Add ethanol (5-10 mL) to the reaction mixture, stirred for 30 minutes, then removed with rotary
evaporator at 45℃. The addition and removal of ethanol was repeated ~5 times to completely
remove acetic acid and pyridine from the sample.
The molecular weight distributions were measured through the Agilent GPC SECurity 1200
system (Agilent, Warwick, RI, USA) with UV detection using THF as the mobile phase with a 0.5
mL/min flow rate. Calibration curves were generated using polystyrene standards with different
molecular weights. The weight-average molecular weight (M̅w) and number-average molecular
weight (M̅n) are calculated from the following equations:
M̅𝑤 =
M̅𝑛 =

∑ 𝑁𝑖 𝑀𝑖2
∑ 𝑁𝑖 𝑀𝑖
∑ 𝑁𝑖 𝑀𝑖
∑ 𝑁𝑖

(3.1)
(3.2)

Where 𝑖 is the index number represented the number of different molecular weights, 𝑁𝑖 is the total
number of moles with the molar mass.25
The molecular weight dispersity (Đ) is calculated using the equation:
Đ=

M̅𝑤
M̅𝑛

(3.3)

3.3.1.3 HSQC NMR analysis
Two-dimensional (2D) 1H−13C heteronuclear single quantum coherence (HSQC) correlation
NMR spectra analyses were conducted on a Bruker Avance III HD 500 MHz spectrometer (Bruker,
Billerica, MA, USA). The spectrometer was equipped with an N2 cryoprobe. The Bruker pulse
40

sequence hsqcetgpsip2.2 was utilized with the following parameters: spectra width of 12 ppm in
the 1H dimension with 1024 data points; spectra width of 220 ppm in the 13C dimension with 256
increments, and 32 scans. DMSO-d6 was used as the solvent for HSQC NMR analysis. All samples
were lyophilized for 48 h immediately before NMR analysis. For all samples, approximately 40
mg of biomass was dissolved in 0.5 ml DMSO-d6 inside a 5mm NMR tube. Dissolved samples
were then sonicated for 1 h. The Bruker TopSpin 3.5pl6 software was used to analyze the spectra
and integrate all peaks. The contour associated with the DMSO-d6 solvent peak (δC/δH at 39.5/2.49)
was used to calibrate the chemical shifts.

3.3.1.4 31P NMR spectroscopy
31

P NMR analysis was carried out to characterize different hydroxyl groups in lignin via a

Bruker Ascend™ 500 MHz (Bruker, Billerica, MA, USA) with a cryoprobe following a literature
procedure.141 In brief, ~30 mg oven-dried biomass samples were dissolved in a ~0.5 mL deuterated
chloroform and anhydrous pyridine (1:1.6, v/v) solvent mixture. Chromium acetylacetonate and
endo-N-hydroxy-5norbornene-2,3-dicarboximide (NHND) were used as the relaxation agent and
internal standard, respectively. ~0.1 mL 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
(TMDP) as a phosphitylation reagent reacted with the mixed solution. The quantitative
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spectrum was acquired with an acquisition time of 0.8 s using an inverse gated decoupling pulse
sequence (zgig), 64 scans, and a 25 s pulse delay.142

3.3.1.5 Solid-state 13C NMR experiment
13

C CP/MAS solid-state nuclear magnetic resonance (NMR) measurements were conducted at

ambient air relative humidity/temperature using a Bruker Advance III 400-MHz spectroscopy
(Germany) with a Bruker double-resonance MAS probe head. The samples were packed into 4mm cylindrical Zirconia MAS rotors and operated at a frequency of 100.59 MHz at spinning speed
of 10 kHz with 5000 scans. The spectra line-fitting analysis was performed using NUSTTM NMR
data-processing software (Acorn NMR Inc.).

3.3.1.6 Small Angle X-ray Scattering
Small-angle X-ray scattering (SAXS) measurements were performed at the Life Science X-ray
scattering beamline (LiX/16-ID) at the National Synchrotron Light Source II (NSLS-II) in
Brookhaven National Laboratory (BNL). Three Pilatus3 detectors collected two-dimensional
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scattering patterns – one Pilatus3 1M detector for SAXS data and two Pilatus3 900K and 300K
detectors for WAXS data. The detector for SAXS was positioned 3.58 m from the sample, and the
detectors for WAXS were positioned close to the sample to deliver a wide Q-range of 0.006-2.0
Å-1 in a single exposure. The scattering wave-vector, Q, is defined in terms of the incident neutron
beam wavelength, , and scattering angle, , as 𝑄 =

4𝜋
𝜆

sin(𝜃⁄2). WT-CEL lignin and organosolv

pretreated WT-EtOH, WT-GVL, WT-THF lignin were dissolved in 100% DMSO at 1.0 w/v %
under stirring for 24 h followed by passing through a 13 mm syringe filter with 0.2-micron PTFE
membrane (VWR, USA) to remove large aggregates. The filtrate was used for scattering studies,
devoid of aggregate particles with diameters greater than 200 nm (or equivalently Rg ~ 775 Å).
The scattering from the sample holder and solvent (DMSO) background was subtracted as baseline
from each sample scattering prior to analysis. SAXS data were reduced using a template Jupyter
notebook (https://github.com/NSLS-II-LIX) provided by the LiX beamline scientist.
SAXS data analysis was performed using the Irena package implemented in the commercially
available Igor Pro software (Version 8.0, Wavemetrics, USA).143 Up to two-levels of the structural
organization were fit using the Unified Fit approach. The scattering illustrated in each structural
level is a composite function of a Guinier and a structurally limited power-law function. The
generalized form of the equation is,144, 145
𝑞𝑅gi
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(3.4)

where n is the number of structural levels and n = 2 was determined to be sufficient to fit SAXS
data of our samples, G is the Guinier scale factor, Rg is the radius of gyration of the particles, B
represents the scale factor for power-law scattering, and P, the power-law exponent.

3.3.1.7 Molecular Dynamics Simulations
We modeled isolated lignin molecules in an aqueous solution as random copolymers consistent
with the average composition of the CEL lignin for the three different switchgrass types: WT,
MYB, and COMT. The backbone of the lignin molecule comprises p-hydroxyphenyl (H), guaiacyl
(G), and syringyl (S) units connected with 𝛽-O-4, 𝛽-𝛽, 𝛽-5, and 5-5 linkages (Table 3.1). Ferulate
(FA) and p-coumarate (pCA) side chains were bonded to the backbone using 𝛾-O-𝛾 linkages. The
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sequence of units and linkages was chosen at random146 such that the average composition is within
10% of the experimental values (Table 3.1). The number of units (degree of polymerization) of the
lignin molecule is fixed at 22, and this corresponds to a molecular weight between 4000 g/mol and
4300 g/mol depending upon the switchgrass type. Each isolated lignin chain was solvated with
three different mixtures of water with organic solvents in two steps. First, the organic solvent
molecules (EtOH or GVL or THF) were added molecules. These solvated systems were
subsequently hydrated such that the cosolvent (organic solvent + water) compositions for the three
different organic cosolvent systems reflected the experimental values (Table 3.2).
MD simulations were performed using GROMACS version 2020.2.147-150 The CHARMM
forcefield was used for the lignin 151 and the organic solvents.152 Water molecules were modeled
using the TIP3P model.153 Periodic boundary conditions were employed. The equations of motion
were evolved using a leap-frog154 algorithm with timesteps of 1 fs for equilibration and 2 fs for
production cycles. The particle mesh Ewald (PME) method155,

156

was used to compute the

electrostatic interactions with parameters chosen such that the relative strength of the Ewaldshifted direct potential at cutoff is 10-5. The cutoff distance for the Lennard-Jones potential and the
electrostatic potentials were set at 1 nm.
We simulated the nine solvated systems (three different lignin compositions in three different
solvents) in five steps each: (i) energy minimization using a conjugate gradient method; (ii)
temperature equilibration at 300 K using velocity rescaling157 with a temperature coupling constant
of 0.1 ps; (iii) pressure equilibration at 100 kPa using a Berendsen barostat

158

with pressure and

temperature coupling constants of 0.5 ps and 0.1 ps, respectively; (iv) pressure equilibration cycle
using a Parrinello-Rahman barostat159, 160 with pressure and temperature coupling constants of 8.0
ps and 0.2 ps, respectively and; (v) constant volume simulations at the experimental temperature
using velocity rescaling algorithm with a time constant of 0.2 ps. The lignin molecule, organic
solvent, and water were coupled to three separate temperature baths to maintain the same average
temperature throughout the system. The total length of the equilibration cycle was approximately
21 ns, and the total length of the production cycle was at least 300 ns. Results presented for each
lignin-cosolvent system are averages over three independent simulations with different monomeric
arrangements (average composition is kept constant) and initial velocity distributions. GROMACS
inputs, initial configurations, the output files, and the analysis codes are available online at:
https://doi.ccs.ornl.gov/ (DOI: 10.13139/ORNLNCCS/1778905) and
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Table 3.1. Normalized composition of the monolignol units and linkages of the computational
model of the CEL lignin for three different switchgrass types (WT, MYB and COMT) used in
simulations. Each lignin molecule consists of 22 units. The composition of linkages between the
backbone and the branches (𝛾-O-𝛾) is not shown since the composition of this linker is fixed
when the average compositions of the branched monomers are fixed.
Monomer/linker type

WT (CEL)

MYB (CEL)

COMT (CEL)

p-hydroxyphenol (H)

0.027

0.028

0.052

Guaiacyl (G)

0.433

0.570

0.440

Syringyl (S)

0.266

0.149

0.196

p-coumarate (pCA)

0.234

0.180

0.238

Ferulate (FA)

0.039

0.073

0.074

𝛽-O-4

0.888

0.836

0.871

𝛽-𝛽

0.012

0.011

0.014

𝛽-5

0.077

0.130

0.086

5-5

0.023

0.023

0.029
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Table 3.2. Number of molecules of the organic solvent and water used for the MD simulation of
the different switchgrass models. The number of water molecules for each system are provided
inside the parenthesis.
Solvent type

WT

MYB

COMT

EtOH

2254 (4645)

2214 (4562)

2237 (4510)

GVL

1462 (2032)

1436 (1996)

1451 (2017)

THF

1196 (5370)

1175 (5275)

1187 (5330)
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https://github.com/vaidyanathanms/Lignin_Melt_Solvent.git
Hydrogen bonds between the lignin molecule and the solvent molecules were computed using
the gmx hbond module. The -OH group is considered a donor, and -O, =O groups are considered
acceptors. A hydrogen bond is considered formed if the distance between the donor and acceptor
is less than 0.35 nm and the angle formed by the hydrogen-donor-acceptor is less than 30°.

3.3.1.8 Reducing-end content
The reducing end of cellulose was determined using bicinchoninic acid (BCA) assay following
a literature procedure with minor modification.161 In brief, BCA reagent was made freshly by
mixing equal volumes of solution A and B. In solution A, it contained 27.14 g Na2CO3, 12.1 g
NaHCO3 and 0.971 g BCA disodium salt hydrate in 500 ml DI water with a pH of 9.7. Solution B
contained 0.624 g CuSO4∙5H2O and 0.631 g L-serine in 500 ml DI water with a pH of 3.4. Equal
amounts of BCA reagent and sample (0.5 ml of 5mg/ml) was mixed using a vortex mixer. The
mixture was then incubated at 75℃ for 30 min in a water bath. After cooling down to room
temperature, the insoluble samples were centrifugated out using centrifugation. The absorbance
was measured at 560 nm. Glucose solutions with concentration from 0 – 70 𝜇M were run as
standards.

3.3.1.9 Raman analysis
Raman spectra of the samples were collected using a Renishaw Raman spectroscopy (Wottonunder-Edge, United Kingdom). The experiments were conducted with a 785 nm laser at 50%
power.

3.3.2 Characterization of physical and mechanical properties
3.3.2.1 Scanning electron microscope
Scanning electron microscope (SEM Zeiss EVO MA15, Germany) was used to study the
morphology structure of the samples. The accelerating voltage was 20 kV with backscattered
electron detector. Prior to SEM analysis, samples were cut to small piece parallel to the cylinder
axis and placed on aluminum mounts, then sputter coated with gold for 20 s.
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3.3.2.2 Compression test
Compression properties were determined by an INSTRON 5567 universal test machine (Canton,
MA, USA) with a load cell of 500 kN and supported with bluehill software. The compression rate
of cross-head was set to 0.10 mm/s. The compression modulus was calculated from the slope of
the initial linear region (strain <10%) of the stress-strain curves.

3.3.2.3 Surface area and pore size analysis
A Quantachrome Autosorb iQ and ASiQwin Instrument (Quantachrome Corporation, Boynton
Beach, FL, USA) was used to evaluate the surface area and the pore size distribution of the
materials. In brief, a sample (0.20-0.30 g) was placed into the BET cells for analysis. Samples
were degassed at 150 °C for 5 h, thus removing any moisture that could alter the weight of the
samples. Experiments were performed by N2 adsorption/desorption technique at -196 °C. Specific
surface areas were calculated using the 11 points multi-point Brunauer-Emmett-Teller (BET) gas
adsorption method, and pore size distribution was calculated using the Barrett-Joyner-Halenda
(BJH) analysis during the desorption isotherm.162

3.3.2.4 Porosity
The porosity of samples was determined by the ethanol displacement method

163

. The volume

of the samples (𝑉𝑠 ) was calculated by measuring diameter and height using a digital caliper. The
dry samples were first stored in a 90 °C oven for 2 h to remove trace moisture and then weighted
(𝑤0 ). Then the samples were immersed in anhydrous ethanol for 24 h. The samples were taken out
and gently blotted the sample surface with filter paper to remove excess ethanol on the surface.
The samples were reweighted (𝑤1) immediately. The porosity was then calculated according to
the following Eq. (3.5),
Porosity (%) =

𝑤1 −𝑤0
𝜌𝑒 𝑉𝑠

∗ 100%

(3.5)

where 𝜌𝑒 is the density of anhydrous ethanol (0.79 g/cm3). The average value of duplicates for
each sample was taken.

3.3.2.5 Thermal gravimetric analysis (TGA)
Around 8.00-10.00 mg CNCs, CNC aerogels, PMVEMA/PEG mixture were evaluated using a
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TGA Q50 Thermo-Gravimetric Analyzer (TA Instruments, New Castle, DE, USA). Thermal
gravimetric analysis (TGA) tests were initiated at room temperature to 800 °C with a heating rate
of 20 °C min-1 under nitrogen atmosphere. The change in weight-related to temperature increase
was recorded.

3.3.2.6 Water adsorption
The foam samples were first stored in a 90 °C oven for 24 h to remove trace moisture and then
weighed (noted as initial weight, 𝑀𝑖 ). After this, the samples were immersed in deionized water at
room temperature for 24 h, then gently blotted with tissue paper to remove excess water on the
surface of the foams and weighed again (noted as saturated weight, 𝑀𝑓 ). The following equation
calculated the water adsorption:
Water adsorption (%) =

𝑀𝑓 −𝑀𝑖
𝑀𝑖

∗ 100%

(3.6)

3.3.2.7 Adsorption of cation dyes
The 25CNC, 50CNC and 75CNC aerogels were immersed in 20.00 ml of methylene blue (MB)
aqueous solutions with various concentrations (50 – 1200 mg L-1) and stirred on an incubator at
150 rpm and at RT for 24 h. The aerogels were then removed from the solution, and the residual
concentration of dye was determined by UV–vis Spectroscopy (Shimadzu Corporation, Kyoto,
Kyoto, Japan) at 660 nm. The average values of three replicates of each sample were reported. A
standard calibration curve was derived from a series of dye solutions with known dye content 164.
The linear calibration curve for MB was obtained in the range of 0.25-7.00 mg L-1 by y =
0.1891x + 0.0584 (𝑅 2 = 0.992). The adsorbed amount of dyes was calculated according to the
following Eq. (3.7),
𝑞𝑡 =

(𝐶0 −𝐶𝑡 )𝑉

(3.7)

𝑚

where qt is the amount of dye adsorbed after time t, C0 and Ct are initial concentration and
concentration of the adsorbate after time t, respectively, mg L−1; V is the volume of the solution,
L, and m is the weight of the CNC aerogels used, g.165, 166 The percentage of dye removal was
calculated using the following Eq. (3.8),
% Removal =

(𝐶0 −𝐶𝑡 )
𝐶0

∗ 100

(3.8)
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3.3.2.8 Reusability of adsorbent
The reusability of 25CNC, 50CNC and 75CNC aerogels was investigated with modification to
a literature procedure.167 Approximately, 0.10 g CNC aerogel was placed in a 10.00 mL MB
solution (50.00 mg L-1) and stirred at 150 rpm for 2 h at room temperature. The concentration of
MB was measured by UV-vis. The dye adsorbed on CNC aerogels was desorbed by immersing
the aerogel in 20.00 mL 0.10 M HCl and agitating at 150 rpm with an incubator for 30 min,
followed by washing with 20.00 mL 0.10 M NaOH, rinsing with water and finally rinsing with 10
mL ethanol and drying under air. The MB removal ability was calculated using Eq (3.7). The
adsorption-desorption procedure was repeated five times and the average values of three replicates
of each sample were reported.

3.3.3 Characterization of electrochemical properties
The

electrochemical

performances

were

measured

using

potentiostat/galvanostats

electrochemical workstation (BioLogic, Willow Hill, PA, USA) in a three-electrode configuration.
A small piece of film was used as the working electrode directly, while an Ag/AgCl electrode and
a platinum wire served as a reference electrode and a counter electrode, respectively. Cyclic
voltammetry (CV) tests were performed at scanning ranging from 10 to 100 mV s-1 over a potential
window between 0 to 1.0 V versus Ag/AgCl. The capacitance was tested by galvanostatic chargedischarge (GCD) measurements conducted at voltage region from 0 to 1.0 V. Electrochemical
impedance spectra (EIS) were recorded within the frequency range from 100 kHz to 100 𝜇Hz. Zview software was used to simulate the impedance behavior based on Nyquist plot data. All of
these experiments were measured in a 1 M H2SO4 electrolyte solution. The specific capacitance
𝐶𝑚 (F g-1) is calculated from the GCD curve via eq. (3.9):
𝐼∆𝑡

𝐶𝑚 = 𝑚∆𝑉

(3.9)

where 𝐶𝑚 denotes the specific capacitance, 𝐼 is the current (A), ∆𝑡 is the discharge time (s), 𝑚 is
the mass of the active materials, and ∆𝑉 is the potential range.

3.4 Error analysis
Error analysis was performed by examining the physical, chemical and mechanical analysis in
triplet or duplicate. The results corresponded to the average values of the independent tests. The
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error bar presented in tables or figures represents the standard deviation, which presents the
relationship of the data to the average. For GPC and NMR analysis, standard biomass samples
were run to confirm the accuracy.
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Chapter Four: Chemical and morphological structure of organosolv pretreated
lignin extracted from wild type and transgenic switchgrass
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4.1 Introduction
Switchgrass (Panicum virgatum L.) is a perennial, C4 warm-season forage grass. Due to its
high biomass production (up to ~14 tons/acre),21 wide adaptation, and low agronomic input
requirements, switchgrass is considered as a leading herbaceous candidate for a dedicated
lignocellulosic biofuel feedstock.168 Like other terrestrial plant species, switchgrass cell walls
consist primarily of three biopolymers: cellulose, hemicellulose, and lignin.56 However, the
recalcitrance of lignocellulosic biomass has been one of the major obstacles in achieving costeffective biorefineries.39 Recalcitrance has been attributed to several factors, including structural
heterogeneity and complexity of plant cell walls, degree of lignification and lignin structure,
hemicellulose content, cellulose crystallinity, cellulose accessibility, and the presence of acetyl
groups.40 In particular, lignin is considered a significant impediment to the biological conversion
of biomass, which prevents cellulolytic (cellulase) enzymes access to cellulose and causes
inhibition during the biological conversion processes.6, 169, 170 Since lignin is an abundant natural
polymer with a polyaromatic structure, its utilization can significantly benefit the cost
competitiveness of a biomass biorefinery.171, 172
Pretreatment strategies are used to break down the lignin-polysaccharide matrix and
simultaneously degrade and solubilize lignin to enhance the cellulose and hemicellulose
accessibility to the hydrolytic enzymes in order to reduce the recalcitrance of lignocellulosic
biomass.21, 41, 42 Organosolv pretreatments have been used for various biomass substrates, such as
hybrid poplar and lodgepole pine.21 Lignin-targeting pretreatment strategies and complete biomass
utilization have also gained increasing attention in biorefinery concepts.6 Organosolv
pretreatments partially hydrolyze interunit lignin bonds and lignin-carbohydrate bonds at elevated
temperatures (>100 ℃) with the advantages that they can efficiently extract lignin from biomass
solids and are able to produce lignin with high purity, narrow molecular weight distribution, and
good solubility in various organic solvents.53-55 Several novel organosolv processes using biomassderived organic solvents such as ethanol,173 cyrene,60 tetrahydrofuran (THF),62 and 𝛾 valerolactone (GVL),63 have also been developed to fractionate the lignocellulosic biomass in a
cost-effective manner. The most commonly studied organosolv pretreatment process uses ethanol
(EtOH)/water with sulfuric acid which has been also examined in the chemical pulping industry.174
Ethanol organosolv pretreatment has been reported to significantly decrease lignin molecular
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weight (by 85% - 90%) and 𝛽-O-4 linkages.21, 173 THF pretreatment employing THF as a miscible
cosolvent under dilute acid conditions increases biomass delignification and depolymerization.138
Meng et al. reported that THF organosolv pretreatment successfully broke down the ligninpolysaccharide matrix and generated highly pure lignin with decreased aryl ether interunit linkages
and low molecular weight and increased free phenolic and carboxylic acid hydroxyl groups.175, 176
Moreover, an economical and effective pretreatment method with minimal energy consumption
was developed using GVL, a naturally occurring chemical in fruits.63 A laboratory-scale
nonenzymatic saccharification pretreatment method using liquid solutions of GVL, water, and
dilute acid (<0.1 M H2SO4) have been reported, which achieved 70-90% sugar yields and high
purity of lignin after pretreatment.177, 178 Further investigation observed that a large quantity of aryl
ether interunit linkages remained in lignin after GVL pretreatment, which is suitable for
depolymerization to mono-aromatic compounds.141
However, drawbacks of these organosolv pretreatment processes include their high energy
inputs, high costs, and the generation of inhibitors to the subsequent microbial fermentation
process.179 Hence, engineering genes for encoding lignin biosynthetic enzymes to reduce the
content and modify the structure of lignin in plant cell walls has attracted growing interest to reduce
the natural recalcitrance of lignocellulosic biomass.13,

14

Herein, we selected two transgenic

switchgrass genetically modified via down-regulation of the caffeic acid/5-hydroxyconiferyl
aldehyde O-methyltransferase gene (COMT, involved in lignin biosynthesis)40 and overexpression of the MYB4 gene (a repressor of lignin biosynthesis).180 During the biosynthesis of S
units, COMT catalyzes the methoxylation of the 5-hydroxyl group of the monolignol precursors
5-hydroxylconiferyl aldehyde and 5-hydroxylconiferyl alcohol. Down-regulation of COMT
reduces the total lignin content and the S/G ratio, weakening the recalcitrance of plant cell walls
and increasing sugar release efficiency.181,

182

MYB genes are involved in regulating diverse

processes such as development, secondary metabolism, and stress responses.183 A study has shown
that overexpression of

MYB gene in Arabidopsis activated cellulose, xylan, and lignin

biosynthetic and ectopic deposition of secondary walls in normally parenchymatous cells.180 In
this work, we conducted a comparative study on lignin isolated from the two transgenic and a wild
type (WT) switchgrass using three acid-catalyzed organosolv (EtOH, THF, GVL) processes study
the lignin structure change in transgenic and wild type switchgrass. A fundamental understanding
of the impacts of organic solvents and reaction conditions on the structure and properties of
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switchgrass lignin is provided to develop and optimize the lignin-targeting organosolv
pretreatments.

4.2 Experimental methods
4.2.1 Material and sample preparation
Chemicals and biomass were presented in section 3.1.1 and 3.1.2.

4.2.2 Experiment procedures
Detailed lignin isolation procedures and organosolv pretreatment procedures were presented in
sections 3.2.1, 3.2.2, 3.2.4.2, 3.2.4.3 and 3.2.4.4.

4.2.3 Characterization of pretreated and unpretreated lignins
Detailed characterization methods were presented in sections 3.3.1.1, 3.3.1.2, 3.3.1.3, 3.3.1.4,
3.3.1.6 and 3.3.1.7.

4.3 Results and discussion
4.3.1 FTIR analysis of organosolv pretreated lignins
The FTIR spectra of pretreated WT, COMT, and MYB lignin samples are presented in Figure 4.1.
All lignin samples presented a broad band centered around 3400 cm-1 attributed to OH stretching
and peaks observed at ca. 2845 cm-1 are corresponding to C−H stretching of methyl and methylene
groups. The presence of peaks at ca. 1700 cm-1 are assigned to C=O stretch in ketones, carbonyls,
and ester groups. All the lignin samples showed the most characteristic vibrations of phydroxyphenyl-guaiacyl-syringyl type lignin corresponding to those of aromatic rings at ca. 1600
cm-1, 1510 cm-1, 1425 cm-1. The peaks at 1325 cm-1 (syringyl ring plus condensed guaiacyl ring),
1263 cm-1 (guaiacyl ring breathing), and 832 cm-1 (C-H in syringyl and H) were identified in the
spectra as well.21 After EtOH, THF, and GVL pretreatments, no major differences were observed
between WT lignin samples. However, as for COMT and MYB samples, the intensity of C=O
peaks (ca. 1700 cm-1) for EtOH lignin was significantly increased due to the oxidation reaction.
Moreover, the peaks at 1423 cm-1 and 1325 cm-1 disappeared in EtOH lignin spectra because of
remarkably reduce of aromatic rings during EtOH/water pretreatment.
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Figure 4.1. FTIR spectra of ethanol, THF and GVL solubilized lignins from WT (a), COMT (b)
and MYB (c) switchgrass lignins.
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4.3.2 CP/MAS 31P NMR analysis of organosolv pretreated lignins
The hydroxyl group contents of the switchgrass lignins determined by 31P NMR are shown in
Figure 4.2 and Figure 4.3, which offers a promising way to determine the content of various
hydroxyl groups in lignin. The multifunctionality of lignin macromolecules includes aliphatic,
phenolic, and carboxylic hydroxyl groups.142 The phenolic hydroxyl group plays a vital role in the
physicochemical properties of lignin, such as antioxidant activities184 and thermal
characteristics.185 The phenolic hydroxyl group can be classified into guaiacyl, C5-substituted, and
p-hydroxyphenyl.65 Due to overlapping signals, the syringyl and other types of condensed guaiacyl
OH groups are combined into C5-substituted OH to avoid possible underestimation of condensed
guaiacyl units or overestimation of syringyl OHs.186
The 31P NMR data confirmed that WT, COMT, and MYB switchgrass lignins belong to the phydroxyphenyl-guaiacyl-syringyl type, as evidenced by the presence of S/G/H structures in the 31P
NMR spectra of all lignin samples. During the organosolv pretreatment, acid-catalyzed
delignification releases free phenolic end-group via cleavage of 𝛽−O−4 ether linkage, which is the
predominant linkage of macromolecular lignin. Therefore, the relative content (%) of the phenolic
OH group can be used to index the degree of lignin depolymerization. The switchgrass lignin
obtained from THF/water pretreatment underwent mild depolymerization and possessed a highmolecular-weight and high content of aliphatic OH, which is consistent with the GPC results. C5
substituted OH is mainly composed of syringyl OH. The syringyl subunits are connected through
𝛽−O−4 linkages, and guaiacyl subunits can be connected not only by 𝛽−O−4 linkage but also more
recalcitrant linkages like 𝛽−𝛽 and 𝛽−5. For example, the COMT set (Figure 4.3) shows that the
rapid increase of C5 substituted OH during organosolv pretreatments is caused by acid-catalyzed
𝛽−O−4 cleavage.

4.3.3 HSQC NMR analysis of organosolv pretreated and unpretreated lignins
2D 1H−13C HSQC NMR was used to study the inter-unit linkages and subunits of the switchgrass
lignins. The representative HSQC spectra of CEL, EtOH, THF, and GVL lignin from WT
switchgrass are shown in Figure 4.4. The HSQC spectra of aromatic regions demonstrate the major
aromatic units of syringyl (S), guaiacyl (G), and p-hydroxyphenyl (H) units. The S units presented
a major cross-peak for the S2,6 correlation ≈ 𝛿104/𝛿6.7 ppm. The G units presented correlations
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Figure 4.2. (a) Hydroxyl group content and (b)
derivatization

with

31

P NMR spectrum of WT CEL lignin after

2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane.

N-hydroxy-5-

norbornene-2,3-dicarboximide was used as internal standard.

Figure 4.3. (a) Phenolic hydroxyl group content and (b) 31P NMR spectrum of WT CEL lignin
phenolic group region.
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Figure 4.4. 2D 1H−13C HSQC correlation spectrum of CEL, EtOH, THF, and GVL lignins from
WT switchgrass.
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for C2/H2, C5/H5, and C6/H6 located around 𝛿111/𝛿7.0 ppm, 𝛿115/𝛿6.7 ppm, and 𝛿119/𝛿6.8 ppm,
respectively 187. The presence of p-coumarate was confirmed by the strong cross peak centered at
𝛿 129/ 𝛿 7.5 ppm, which was attributed to C2,6/H2,6 of p-coumarate (pCA) with its C3,5/H3,5
correlation peaks overlapping with G5 around 𝛿 115/𝛿 6.9. The indicative cross-peaks of FA2
observed around 𝛿110/𝛿7.4 ppm were assigned to ferulate units. The overlapped peaks around
𝛿144.5/𝛿7.5 ppm (C𝛼/H𝛼) and 𝛿113.4/𝛿6.3 ppm (C𝛽/H𝛽) were attributed to vinyl carbons in pCA
and FA structures.40
The semi-quantitative analysis of HSQC spectra shown in Table 4.1 was used to estimate
monolignol compositions (e.g., the S/G ratio) and relative abundance of lignin inter-unit linkages
and subunits based on the volume integration of corresponding peaks in the spectra 188. The S/G
ratio of transgenic switchgrass CEL lignins was lower than WT CEL lignin, which is consistent
with previous studies 40. Especially for COMT switchgrass, more than 75% of the subunits of CEL
lignin are G units. After pretreatment, there was no significant change in the S/G ratio of WT
switchgrass lignin; however, the S/G ratios of COMT and MYB switchgrass lignin increased. This
result shows that G lignin units were effectively removed by pretreatment from COMT and MYB
switchgrasses. Within the same type of switchgrass, GVL/water pretreatment gave the lowest
content of G units.
In addition to those well-defined cross-peaks of S and G units, new cross-peaks of Scondensed and
G2, condensed representing condensed S and G units were found at ≈ 𝛿106/𝛿6.5 ppm and 𝛿113/𝛿6.8
ppm due to lignin structure pretreatment transformation. The condensed S unit appeared in all
three pretreated lignin samples, and the condensed G unit only appeared in EtOH and GVL lignins.
The lignin condensation mechanism involves the formation of highly reactive benzylic carbocation
at the 𝛼 position followed by a reaction of this moiety with an electron-rich aromatic ring to form
a C−C linkage.65,

189

The mechanistic study also indicates the lignin self-condensation is

thermodynamically favorable and occurs spontaneously after the formation of the benzylic
carbocation, which suggests lignin condensation occurs faster than or as fast as lignin
depolymerization
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. The content of condensed S and G units was in the order of

EtOH>GVL>THF. The absence of condensed G units and relatively low condensed S units in
THF lignin may be due to the lower pretreatment temperature than EtOH pretreatment and the
shorter duration time than GVL pretreatment. Furthermore, signals at 𝛿109/𝛿7.2 ppm and
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Table 4.1. Semi-quantitative information for lignin subunits and inter-unit linkages from
untreated and pretreated lignins.
WT

COMT

MYB

CEL EtOH GVL THF CEL EtOH GVL THF CEL EtOH GVL THF
S

36.6 38.5

39.2

34.2

19.9

33.6

35.5

24.5 28.5

39.9

42.0 35.1

G

59.7 54.5

53.0

56.5

76.3

64.2

60.5

70.2 64.0

55.8

52.8 55.0

H

3.7

6.9

7.8

9.2

3.8

2.2

3.9

5.4

7.5

4.3

5.2

0

42.7

8.7

3.3

0

66.6

18.0

6.0

0

71.8

17.7 10.2

Gcondensed/G 0

33.3

4.6

0

0

100.0

11.8

0

0

100.0

8.0

0

S/G

0.6

0.7

0.7

0.6

0.3

0.5

0.6

0.3

0.4

0.7

0.8

0.6

𝛽-O-4

53.8

3.2

39.6

42.9

44.3

0.5

28.7

38.4 48.7

0.8

29.5 37.8

𝛽-𝛽

0.7

0.1

0.1

0.5

0.6

0.1

0.7

0.8

0.8

0.2

0.4

0.6

𝛽-5

4.7

3.5

5.2

4.8

6.9

0.0

6.7

7.4

4.8

0.0

3.4

5.3

Scondensed/S

9.9

Note. Contents (%) of subunits and interlinkages are expressed as a fraction of total lignin subunits
(S+G+H).
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𝛿126/𝛿7.0 ppm were found in the pretreated lignins, which was attributed to the C2,6/H2,6 and 𝛼/𝛽
positions of the stilbenes structures formed through the loss of 𝛾 −methylol groups of
formaldehyde.141
In the aliphatic region, the signals for methoxyl (OCH3) and 𝛽−−4 linkage appear to be most
prominent for the switchgrass lignins. In addition, 𝛽−−4 ether linkages (A), 𝛽−𝛽 resinol (B), and
𝛽−5 (C) were the most predominant substructures in lignin macromolecule.190 Moreover, the
decrease of 𝛽−−4 linkage in lignin in all three pretreatments was observed (Table 4.1), which
was the primary mechanism of lignin breakdown during organosolv pretreatment attributed to
homolytic cleavage of this interlinkage.140,
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EtOH/water pretreatment caused a dramatic

decrease in the 𝛽 −−4 linkages since EtOH pretreatment uses high temperatures, which is
consistent with a previous study.65 In particular, COMT and MYB EtOH lignin lost almost all
𝛽−−4 interlinkages and formed highly condensed structures in which the aromatic rings are
covalently connected via C−C bonds. Furthermore, the uncondensed THF lignin, with over 50%
𝛽 −−4 interlinkages remaining during biomass fractionation, may facilitate the subsequent
production of lignin monomers.141 Two new correlation peaks around 𝛿80/𝛿4.6 ppm and 𝛿64/𝛿3.4
ppm were observed in EtOH lignin after EtOH/water pretreatment, which are attributed to the
C𝛼−H𝛼 and the methylene group of the 𝛼−ethoxylated 𝛽−−4 substructure (A’) consistent with
previous studies.191

4.3.4 Molecular weight analysis of organosolv pretreated and unpretreated lignins
The molecular weight of lignin samples obtained after pretreatment was used to evaluate the
efficiency of different pretreatment methods. Lignin with low molecular weight would likely be
less cross-linked with other hemicellulosic polymers in the cell wall, therefore, could potentially
be easier to be removed during chemical processing.141 The lignins obtained after the three
different pretreatments and CEL lignins from the untreated three types of switchgrass were
analyzed by GPC for their molecular weights. Figure 4.5 and Table 4.2 presented the weightaverage molecular weight (M̅w), number-average molecular weight (M̅n), and dispersity (Đ =
weight-average molecular weight/number-average molecular weight). The WT-CEL has a M̅w
around ~15,000 g/mol, which is 30~60% higher than the transgenic ones (~9,000 g/mol for
COMT-CEL and ~11,000 g/mol for MYB-CEL), suggesting that transgenic switchgrass lignin
62

Figure 4.5. Molecular weight and dispersity index (Đ) of the CEL, EtOH, THF, and GVL lignins
from WT, COMT, and MYB switchgrass.
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Table 4.2. Weight-average molecular weight (M̅w), number-average molecular weight (M̅n), and
dispersity (ĐM = weight-average molecular weight/number-average molecular weight) of different
lignins.

WT

COMT

MYB

M̅w (g/mol)

M̅n (g/mol)

ĐM

CEL

14549

3925

3.7

EtOH

1148

906

1.3

GVL

5302

2302

2.3

THF

5561

2323

2.4

CEL

9051

2699

3.4

EtOH

1005

644

1.6

GVL

4372

2010

2.2

THF

6869

2407

2.9

CEL

11230

3004

3.7

EtOH

875

580

1.5

GVL

4800

2197

2.2

THF

6968

2562

2.7
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may be more easily extracted due to decreased chain length.192 The M̅w of lignins was considerably
reduced after all three pretreatments due to lignin depolymerization. In particular, M̅w of WT,
COMT, and MYB EtOH lignin were all reduced by ~90%. The different conditions, especially
temperature and duration time, were applied in GVL/water and THF/water pretreatments, but the
M̅w of WT-GVL lignin (~5300) and WT-THF lignin (~5560) are similar. As for COMT and MYB
switchgrass, GVL/water depolymerized lignin effectively as the M̅w decreased by > 50%. However,
after THF/water pretreatment, M̅w of COMT and MYB lignin was decreased only by 24% and
38%, respectively.

4.3.5 Molecular dynamics simulations of pretreated lignins
To understand the trends in lignin solubilization using different pretreatments, we employed
molecular dynamics (MD) simulations to probe the lignin conformations and their interactions
with the solvent that facilitate the chemical reactions observed during pretreatment. While classical
MD cannot explicitly model chemical reactions, this technique is used to determine the solvent
organization near lignin before any bond breaking occurs. We modeled CEL lignin as a proxy for
the native lignin found in untreated biomass.
For all three different types of switchgrass varieties studied, the calculated average number of
hydrogen bonds per lignin molecule with the organic solvent decreases in the order: EtOH> >
GVL > THF (Figure 4.6). For any given switchgrass variety, this result mirrors the reduction in
the lignin's experimentally observed average molecular weight after pretreatment. While EtOH is
a protic polar solvent that can act both as a hydrogen bond donor and acceptor, GVL and THF are
aprotic polar solvents and can only participate as hydrogen acceptors. Both the R-C=O/R-O-R
bonds in GVL and R-O-R bonds in THF can act as hydrogen acceptors. However, we speculate
that the propensity to act as hydrogen acceptors will be lower for the ether oxygen in THF as
compared to the carbonyl oxygen in GVL owing to the aromatic nature of the former, explaining
the higher number of hydrogen bonds with GVL compared to that of the THF system.

4.3.6 Small angle X-ray scattering of pretreated lignins
Small-angle X-ray scattering (SAXS) was used to probe the nanostructure of WT-CEL lignin
and different organosolv pretreated WT lignins. The SAXS 1D scattering curves of WT-CEL, WTEtOH, WT-THF, and WT-GVL lignin with their corresponding Unified fits are shown in Figure
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Figure 4.6. Number of hydrogen bonds between the enzymatically extracted lignin molecules
(CEL) and the organic solvent alone for three different switchgrass varieties, viz., WT, COMT
and MYB. The <..> denotes ensemble average.
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4.7, and the fit parameters are listed in Table 4.3. Mostly, a two-level Unified fit function was
applied to analyze these 1D scattering patterns. Level-1 fits the scattering pattern in the mid-to
high-Q region representing lignin particles and is referred to as the high-Q region. Level-2 fits
from the low- to the mid-Q region and pertains to aggregate particles of lignin and is referred to
as the low-Q region. The radius of gyration (Rg1) of the lignin particles and the lignin polymer
chain arrangement within the bulk of these particles (exponent, P1) were obtained from these
fits.193 In addition, low-Q features representing the aggregate lignin particle size and chain
arrangement was only observed for WT-EtOH lignin sample. Hence both the radius of gyration
(Rg2) and the lignin polymer bulk organization (exponent, P2) for the aggregate lignin particles
were obtained for the WT-EtOH lignin sample and only the bulk organization (exponent, P2) for
WT-EtOH and WT-GVL lignin samples. Modeling the lignin particles as well-defined spherical
and cylindrical shapes194 were also attempted but produced lower quality fits.
SAXS profiles of WT-CEL lignin and those organosolv pretreated lignins exhibited different
structure and morphology when dispersed at 1.0 w/v % in DMSO solvent (Figure 4.7). The WTCEL lignin sample disperses in DMSO solvent as lignin particles of Rg~72 ± 5 Å, determined by
the Guinier feature located around Q~0.01 Å-1. However, the different organosolv pretreatments
chosen in this study modified WT switchgrass lignin in a manner that facilitated their dispersion
as smaller lignin particles in DMSO solvent, consistent with lignin polymer molecular weight
trends. THF/Water and GVL/Water pretreatments reduced the radius of gyration of these
pretreated lignin particles to Rg~30 ± 3 Å and 32 ± 3 Å, respectively, which is approximately 5560% reduced in Rg compared to WT-CEL. In comparison, GPC measurements showed that their
corresponding molecular weights reduced by 62-64% which implies that the reduction in the lignin
particle Rg is predominantly due to the reduction in the lignin molecular weights. In the case of
EtOH pretreatment, the radius of gyration reduced by 86% to Rg~10 Å, consistent with the
reduction in molecular weights (~93%). A similar observation of reduction in lignin particle size
has been reported for lignin (low sulfonate lignin powder from Norway spruce) when treated in 1ethyl-3-methylimidazolium acetate at 120 °C for 3 h.195 Employing the porod volume method and
assuming that the density of lignin in good solvent is similar to protein in aqueous solvent, the
molecular weights calculated from SAXS data are 70, 1, 27, and 22 kDa for WT-CEL, WT-EtOH,
WT-GVL, and WT-THF. Combining with lignin monomer molecular weights from GPC (14.5,
1.0, 5.3, and 5.5 kDa for WT-CEL, WT-EtOH, WT-GVL, and WT-THF, respectively), these lignin
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Figure 4.7. SAXS profiles of recovered WT switchgrass lignin samples solubilized in 100%
DMSO at 1.0 w/v% for the enzymatic pretreated, WT-CEL (red dots) and organosolv pretreated,
WT-EtOH (green filled squares), WT-GLV (blue filled up-triangles), and WT-THF (brown filled
down-triangles) with the Unified fits as solid blank lines. Scattering curves were vertically shifted
for clarity.
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Table 4.3. Unified fit parameters of WT-CEL extracted lignin and the different organosolv
pretreated- WT-EtOH, WT-THF, and WT-GVL lignin samples#.
Level-1

Level-2

Samples
G

Rg (Å)

B (×10-3)

P

WT

6.6 (0.3)

72 (5)

4.8 (0.1)

1.9 (0.1)

WT-EtOH

0.075

10 (1)

0.5 (0.1)

3.0*

G

Rg (Å)

95.6 (2.0)

353 (50)

(0.005)

B (×10-3)

0.004

P

4.0*

(0.0003)

WT-GVL

1.9 (0.2)

32 (3)

2.1 (0.2)

2.2 (0.1)

8.7 (0.2)

2.5 (0.1)

WT-THF

1.7 (0.1)

30 (3)

1.2 (0.1)

2.4 (0.1)

2.3 (0.1)

2.5 (0.1)

#Numbers

in parentheses represent σ1 error bars (or 68% confidence levels)

*Parameter is fixed during Unified fit
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particles are formed by 4-5 monomers except for WT-EtOH which is monomeric. Similarly, except
for WT-EtOH lignin sample, all WT switchgrass lignin samples exhibit a high-Q power-law
exponent that does not exceed 3.0 which indicates that these lignin particles are not fully collapsed
and instead have sufficient penetration of DMSO solvent to resolve the bulk lignin polymer chain
arrangement. In particular, WT-CEL lignin exhibits a nearly random flexible polymer
conformation with P1 = 1.9

196

; an exponent of 2.0 (P1) represents a random flexible polymer

conformation. On the other hand, WT-GVL and WT-THF lignin samples show a progressive
increase in the entanglement or degree of branching in the bulk (P1 of 2.2 and 2.4, respectively).
2D 1H-13C HSQC NMR results shows that the distribution of linkages in the WT-GVL and WTTHF lignins are mostly preserved compared to WT-CEL (i.e., 𝛽−O−4 linkages). So, the increase
in P1 value is primarily due to increased physical entanglements rather than an increase in the
polymer degree of branching. On the other hand, for WT-EtOH lignin, a range of exponent values
(P1 ~ 2-3) produce good fits. However, since 2D 1H-13C HSQC NMR results show that WT-EtOH
lignin undergoes a significant reduction in the number of 𝛽−O−4 linkage and increase in the C-C
linkage (Scondensed/S and Gcondensed/G ratios) implies that WT-EtOH lignin forms branched linkages
resulting in the formation of densely packed lignin particles. For this reason, P1 value was fixed at
3.0 for the fit to indicate that these particles are desolvated and densely packed with WT-EtOH
lignin molecules.
The monotonic increase in scattering intensity with decreasing Q-value in the low-Q region (Q
< 0.01 Å-1) indicates that lignin aggregates smaller than filter pore size (< 200 nm diameter) but
larger than the observable Q range, still remain in these samples. This implies that the radius of
gyration of these aggregate particles falls in the range 775 Å > Rg > 400 Å (> 2/Qmin where Qmin =
0.005 Å-1). The presence of individual lignin particles and aggregates in the sample were also
observed in the SAXS study of lignin extracted from poplar wood and corn-cob dispersed in
DMSO.195 WT-EtOH lignin sample behaves differently. With the lignin particles being
significantly smaller, the features of the aggregate lignin particles also become smaller and
observable in the accessible Q-range. The radius of gyration of these lignin aggregates is 350 Å.
The low-Q power-law exponent although fixed (P2 = 4.0), a range of exponent values (P2 ~ 3-4)
produced acceptable fits. The range of values refers to surface characteristics implying that these
aggregate lignin particles are mostly collapsed and de-solvated. Contrary to WT-EtOH lignin
aggregate particles, the low-Q power-law exponent for WT-GVL, and WT-THF samples were P2
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~ 2.5 which suggests that these lignin aggregate particles exhibit a highly interconnected or
overlapping organization of the polymer chains even in the 150-400 Å length scale range.197

4.4 Conclusion
The current study examines advanced organosolv pretreatment technologies, including EtOH,
GVL, and THF pretreatments in acidic conditions of wild type (WT) and transgenic switchgrass
(COMT and MYB). The transgenic switchgrass showed lower lignin molecular weights and S/G
ratios compared to wild-type switchgrass. A side-by-side comparison of these pretreatments
indicated that the THF pretreatment resulted in transgenic lignin with higher molecular weights,
𝛽−−4 linkages, and aliphatic hydroxyl contents compared with EtOH and GVL pretreatments.
In contrast, EtOH pretreatment led to ~90% decrease in M̅w and near-complete removal of 𝛽−−4
linkages, and thus had the most significant change in M̅w and inter-unit linkages. The high amount
of free phenolic OH groups of EtOH-lignin produced via 𝛽−O−4 ether linkage cleavage might
make it suitable for antioxidant applications. In addition, GVL and THF lignin still retain more
than half their 𝛽−O−4 linkages, which makes them suitable for depolymerization to monoaromatic compounds. The nanostructure observed from SAXS revealed that WT-EtOH lignin
particles form the smallest lignin particles among all the WT lignin samples. A correspondence
was found between the molecular weight reduction of lignin molecules in the experiments and the
number of hydrogen bonds between lignin and the organic solvents as calculated in the MD
simulation, suggesting a connection between the depolymerization of lignin and its ability to
hydrogen bond with the organic solvents. Overall, there are significant differences in the structural
composition of lignin among the switchgrass genotypes and vary significantly depending on the
type of organosolv pretreatment. Further characterization of thermal pretreated cellulose was
studied in the next chapter.
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Chapter Five: Characterization of dilute acid and organosolv pretreated 𝛼-cellulose
isolated from poplar
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5.1 Introduction
Cellulose is an unbranched polysaccharide with typical 40-50 wt% content in cell wall, which
consists of repeating β-1,4-glycosidic units. The cellulose structure contains both amorphous and
crystalline morphologies that further binding into bundles by strong intermolecular hydrogen
bonds.198 Cellulose microfibrils are embedded by lignin and hemicellulose, which provides rigidity
and structural support to the plant cell wall and results in inherent recalcitrance. Enzymes can
break down the polysaccharide structure in lignocellulosic biomass and release sugars for further
fermentation process to produce fuels and chemicals.199 Unfortunately, the lignocellulose
recalcitrance reduces the enzymatic and microbial accessibility due to the compact and complex
structure of plant cell walls.200 Therefore, current biofuel production requires pretreatment prior to
achieving high sugar yields for enzymatic hydrolysis and fermentation.201
The major challenge for large-scale and cost-effective conversion processes is enhanced
enzymatic deconstruction of polysaccharides, which is strongly related to plant cell wall
composition, cellulose structure, enzymatic accessible surface area, and so on.198 Specifically, the
crystallinity index (CrI) and degree of polymerization (DP) of cellulose are considered to evaluate
the performance of enzymatic hydrolysis.202
The target of pretreatment is to modify the plant cell wall physiochemical structure to break
down the lignin-polysaccharides matrix and increase the enzymatic accessibility. In dilute acid
(DA) pretreatment, the major effects of lignocellulosic biomass are hemicellulose hydrolysis and
lignin reconstruction, which benefit the enzymatic deconstruction and enzymatic accessibility.203
Cosolvent enhanced lignocellulosic fractionation (CELF) is a novel pretreatment process
employing tetrahydrofuran (THF)/water mixture to effectively solubilize and extract lignin from
lignocellulosic biomass. The CELF has also been investigated to achieve high yields of
fermentable sugars. In this study, we involved DA and CELF pretreatment methods to study the
cellulose structure change after thermal pretreatments and evaluate the potential enzymatic
accessibility through molecular weight, reducing end content and crystallinity structure.

5.2 Experiment procedure
5.2.1 Material and sample preparation
The material source and chemicals were listed in Section 3.1.1 and 3.1.2.
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5.2.2 Experiment procedures
The detailed experiment procedures were described in Section 3.2.3, 3.2.4.1, 3.2.4.3.

5.2.3 Characterization of biomass and cellulose
The characterization details were presented in Section 3.3.1.2, 3.3.1.5 and 3.3.1.8.

5.3 Results and discussion
5.3.1 Degree of polymerization
The cellulose molecular weight and the degree of polymerization (DP) were analyzed to evaluate
the effects of DA and CELF pretreatments on poplar cellulose. Weight-average degree of
polymerization (DPw) and number-average of polymerization (DPn) were calculated through M̅w
and M̅n divided by 519 g/mol, which is the molecular weight of repeating unit of tricarbanilated
cellulose. Polydispersity index (PDI) was calculated by dividing M̅w by M̅n. The cellulose degree
of polymerization (DP) was shown in Table 5.1. After pretreatments, the DP of pretreated cellulose
was significantly decreased compared to unpretreated cellulose. Both DA and CELF pretreated
cellulose showed around 98% decrease in DPw and around 96% decrease in DPn due to the cleavage
of glycosidic bond.204 The shorter cellulose polymer chain could result in higher reducing end
content, which is beneficial to the following saccharification process.38, 203

5.3.2 Reducing end analysis
Cellulose structure includes two types of end groups, reducing end group and non-reducing
end group, within repeating glucose units, where the reducing ends are the reactive sites.205 Table
5.2 shows the results of reducing end content of poplar and cellulose before and after pretreatments.
The reducing end contents of both poplar and cellulose were increased significantly after dilute
acid and CELF pretreatments. In particular, after DA pretreatment, the reducing end content
increased 30.7% compared to unpretreated poplar biomass and 191.7% compared to unpretreated
cellulose. The improved reducing end content after pretreatments provided more enzymatic
available sites and assisted further saccharification process.38 Although the DA pretreated samples
had a higher reducing end content, they presented a similar DP compared to CELF pretreated
samples. This indicated that biomass recalcitrance is a multi-variant phenomenon and cannot be
simply determined on only one factor, such as cellulose DP.204
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Table 5.1. Weight-average degree of polymerization (DPw), number-average degree of
polymerization, and polydispersity index of different cellulose
DPw

DPn

PDI

Cellulose

4,102

654

6.27

DA cellulose

85

27

3.15

CELF cellulose

80

24

3.33

Table 5.2. Reducing end content
Reducing end (𝜇mol/g)
Poplar

20.26 ±1.01

Dilute acid poplar

26.48 ±0.55

CELF poplar

24.6 ±0.81

Cellulose

3.39 ±0.03

Dilute acid cellulose

9.89 ±0.72

CELF cellulose

5.92 ±0.08
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5.3.3 Crystallinity of pretreated and unpretreated poplar and cellulose
The solid-state

13

C NMR spectra of pretreated and unpretreated biomass samples had been

studied to determine the crystallinity index (CrI). The six carbon atoms in the cellulose monomeric
unit were labeled accordingly in solid-state

13

C NMR spectra (Figure 5.1)206. In particular, the

signal from 𝛿86-92 ppm was related to the C4 carbon crystalline form of cellulose structure, as
well as the signal from 𝛿80-86 region was corresponding to the C4 carbon non-crystalline domains.
The ratio of crystalline area to the total C4 peak area including crystalline and non-crystalline area
is assigned as the CrI.207 The CrI results of unpretreated and pretreated poplar and cellulose
samples are shown in Table 5.3.
The CrI of poplar samples was increased from 36.50% to 47.17% and 49.02% for DA and CELF
pretreatment, respectively, due to the removal of amorphous regions in biomass structure such as
lignin and hemicellulose. The cellulose isolated from poplar biomass had a CrI of 42.37%. After
pretreatments, the cellulose crystallinity decreased to 25.13% and 29.67% of DA cellulose and
CELF cellulose, respectively, which implied that the pretreatment methods used in this study
successfully removed the amorphous regions of cellulosic fiber. The reduction of CrI implied that
the inter- and intra-chain hydrogen bonds in cellulose fibrils were disrupted, which enhanced the
surface enzyme accessibility and highly benefit enzymatic hydrolysis.207, 208

5.4 Conclusion
In summary, we studied the cellulose structure change after DA and CELF pretreatments.
Through the GPC and reducing end content results, we observed that the cellulose chains broke
down during both DA and CELF pretreatments, which significantly decreased the cellulose
molecular weight and increased reducing end content. Moreover, according to the CI values, the
drastically reduced cellulose crystallinity was observed in DA cellulose and CELF cellulose, which
suggested that the pretreatment process deconstructed the cellulose crystalline structure and
reduced the biomass recalcitrance. Furthermore, both DA and CELF pretreatment methods
successfully accessed the enzymatic accessibility and facilitated the further enzyme hydrolysis and
fermentation process.

76

Figure 5.1. 13C NMR spectrum of cellulose

Table 5.3. Cellulose crystallinity index
Crystallinity Index (CI)
Cellulose

42.37%

DA cellulose

25.13%

CELF cellulose

29.67%
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Chapter Six: Chemically cross-linked nanocellulose foams using directional
freezing
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A version of this chapter was originally published by L Liang, C Huang, N Hao, and AJ
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freezing." Carbohydrate polymers 213 (2019): 346-351.”
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6.1 Introduction
Highly porous biopolymer-based materials with competitive mechanical performance and
physicochemical properties, such as excellent strength-to-weight ratio and good thermal properties,
are of interest in both academic and industrial fields. These porous materials with aligned microand nanostructures have a significant effect on their applications which have shown broad
prospects in tissue engineering, drug delivery, molecular filtration, building industry, green
packing and so on.79, 209 Various methods have been investigated to fabricate aligned porous
materials, including electrostatic repulsion, strain or compress-induced reorientation, and selfassembly.210 Of the many techniques, directional freezing followed by sublimation has been shown
to be a versatile, promising and straightforward technique to yield engineered porous structures.211
Directional freezing is based on freezing a liquid suspension along a controlled orientation,
followed by the sublimation of the solidified ice crystals.212 During the directional freezing process,
ice crystals start regularly growing parallel to the freezing direction, the suspended particles are
ejected from the solidification crystals front, concentrated, and finally entrapped between the
growing ice crystals, which leads to an aligned and highly porous structure after sublimation under
reduced pressure.213 This process yields a replica of the solidified solvent which has been used to
create a variety of porous structures.
Nanocellulose, including cellulose nanofibrils (CNFs) and cellulose nanocrystals (CNCs), can
be extracted and derived from large number of sources, including higher plants, marine animals,
algae and fungi.214 Various properties such as high aspect ratio, strong mechanical properties, low
density, renewability, biodegradability, and general biocompatibility of nanocellulose render them
a desirable reinforcing material, especially in biopolymer community.215,

216

However, the

hydrophilic nature of nanocellulose due to the abundant hydroxyl groups limits some of their
practical applications in high humidity or aqueous environments.93 Therefore, covalent or noncovalent cross-linking methods are being developed as an effective method to enhance its water
stability.217,

218

Jiang and Hsieh demonstrated a cross-linked water stable CNFs/methylene

diphenyl diisocyanate (MDI) aerogels with the water adsorption value of 5.3 mL/g.217 Moreover,
Song et al. also reported that cross-linked polyvinyl alcohol (PVA)/CNCs composite film can
maintain its original shape after soaking in water for 48 h, and its water adsorption value is 175.7%
of initial weight.81
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Cross-linked poly(methyl vinyl ether-co-maleic acid) (PMVEMA)/poly(ethylene glycol) (PEG)
hydrogels have been used in controlled drug-delivery systems and cell culture matrix.219,

220

Recently, the combination of PMVEMA, PEG and cellulosic materials has also gained noteworthy
interests. Goetz et al. reported cross-linked PMVEMA/PEG/CNCs films exhibiting high water
absorbencies, which demonstrated that nanocellulose cross-linked with a water-soluble
biopolymer matrix PMVEMA/PEG led to the development of a well-dispersed nanocomposite
with stability in aqueous medium.221 In the current work, CNCs and CNFs were cross-linked with
the PMVEMA/PEG system. The resulting cross-linked nanocellulose-based materials were
converted into aligned porous foams via the directional freezing technique followed by
sublimation. The mechanical properties, water stability, and water absorbency of achieved foams
were also investigated.

6.3 Experiment procedure
6.3.1 Materials
Poly(methyl vinyl ether-alt-maleic acid) (PMVEMA) with Mw of ~216,000 was purchased
from Sigma-Aldrich (St. Louis, MO, USA). Polyethylene glycol 4000 (PEG) was obtained from
Alfa Aesar (Haverhill, MA, USA). The University of Maine kindly provided cellulose nanocrystals
(CNCs), and cellulose nanofibrils (CNFs) was purchased from American Process Inc. (Atlanta,
GA, USA).

6.3.2 Sample preparation
The procedure of preparing the PMVEMA/PEG/nanocellulose foams was accomplished with a
modification to a literature procedure.221 In brief, PMVEMA (3.35 g) and PEG (0.50 g) were
dissolved in D.I. water (34.65 ml) at 68 °C for 1 h. The mixture was added to an aqueous slurry of
nanocellulose (CNCs or CNFs at 25%, 50%, and 75%, w/w) and stirred for 4 h at room temperature
(RT). The final solid content of the obtained suspension was set at 10 wt%. During the
solidification process, 5.00 ml of such mixture was transferred into glass vials and frozen by two
methods: (1) directional freezing with only the bottom of the vial was in contact with liquid
nitrogen for 5 min, and vertical heat transfer was prevented by insulation of the vial using
polystyrene foam; (2) un-directional freezing by plunging the vials into liquid nitrogen for 5 min.
Frozen samples were placed in a freeze-drier for 24 h under vacuum. After freeze-drying, the
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samples were further cured at 90 °C for 8 h and then stored in a desiccator before physical testing.
The resulting samples are described according to the percent nanocellulose in each sample (as
shown in Table 6.1).

6.3.3 Characterization of nanocellulose foams
Detailed characterization methods were presented in Sections 3.3.1.1, 3.3.1.5, 3.3.2.1, 3.3.2.3
and 3.3.2.6.

6.4 Results and discussion
6.4.1 FTIR analysis of nanocellulose and nanocellulose foams
The cross-linking of CNCs and CNFs with PMVEMA and PEG was previously reported to
occur through an esterification reaction, as summarized in Figure 6.1.222 The available carboxylic
acid groups on the PMVEMA were cross-linked with the hydroxyl group on the nanocellulose
surface or the terminal hydroxyl groups of PEG to establish the ester linkages. In the FTIR spectra
(Figure 6.2), the peaks observed around 3450 cm-1 and 2900 cm-1 were attributed to the O-H and
C-H stretching vibrations, respectively. The peak showed at 1060 cm-1 indicated the vibration of
C-O-C in pyranose ring.223 In order to verify the formation of ester cross-linkages, the aerogels
were immersed in 0.1 M NaOH to eliminate the influence of unreacted carboxyl groups on
PMVEMA. Therefore, the peaks appeared at 1555 cm-1 in CNC 50% - 0.1 NaOH and CNF 50% 0.1 NaOH were assigned to the carboxylate carbonyl resulting from the dilute base treatment. Thus,
the observed ester peak at 1740 cm-1 can then be attributed to the formation of the ester linkages
between PMVEMA and CNC or PEG.222, 224

6.4.2 CP/MAS solid state 13C NMR analysis of nanocellulose and nanocellulose
foams
Additional evidence of the formation of ester cross-linkages between nanocellulose and polymer
matrix is shown in solid state NMR spectra (Figure 6.3). The nanocellulose structure is mainly
presented in the range of 40 to 110 nm. A singlet signal observed around 105 ppm was assigned
to C1. C2, C3, and C5 in the pyranose ring are overlapped in the range of 72-76 ppm. The vibration
in the 84 – 89 ppm region was attributed to C4 peak, which can be used to evaluate the
nanocellulose crystallinity index. Other than the typical nanocellulose structure, a peak at 176.32
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Table 6.1. Prepared material combinations
Ratio of
Sample coding

Preparation methods
nanocellulosics : PMVEMA/PEG

CNC 25%

1:3

Directional freezing

CNC 50%

1:1

Directional freezing

CNC 75%

3:1

Directional freezing

CNC 25% Un-DF

1:3

Un-directional freezing

CNC 50% Un-DF

1:1

Un-directional freezing

CNC 75% Un-DF

3:1

Un-directional freezing

CNF 25%

1:3

Directional freezing

CNF 50%

1:1

Directional freezing

CNF 75%

3:1

Directional freezing

CNF 25% Un-DF

1:3

Un-directional freezing

CNF 50% Un-DF

1:1

Un-directional freezing

CNF 75% Un-DF

3:1

Un-directional freezing
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Figure 6.1. Nanocellulose, PMVEMA, and PEG cross-linking mechanism.
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Figure 6.2. FT-IR spectra of cross-linked CNC 50% and CNF 50% foams treated with 0.1 M
NaOH with the control sample in each case.
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ppm also observed in NMR spectra, which was assigned to the carboxyl group and confirmed the
establishment of ester cross-linkages between PMVEMA and nanocellulose/PEG (Figure 6.3).

6.4.3 SEM analysis of nanocellulose foams
In this study, we employed two different solidification methods, directional freezing and undirectional freezing, to fabricate the cross-linked porous foams. Surface morphologies of
directional and un-directional freezing samples are shown in Figure 2. During the directional
freezing process, the samples were accomplished by only having the bottom of the aqueous
suspension vials in contact with the liquid nitrogen and resulted the imposed thermal gradient
along the freezing direction.225 Therefore, the achieved directional freezing samples have a visible,
organized lamellar structure (Figure 6.4a and 6.4b). As for the un-directional freezing process, the
samples were plunged into the liquid nitrogen. There was no temperature gradient during the
solution freezing and ice-crystals nucleated in any direction, resulting in a random structure after
ice sublimation (Figure 6.4c and 6.4d). To further investigate the structure stability, the crosslinked foams were immersed in water for 24 h and then freeze-dried using a freeze dryer. In Figure
6.5a and 6.5b, the aligned lamellar structure was still observed in SEM images.

6.4.4 Water adsorption analysis of nanocellulose foams
It is well known that pure nanocellulose foams are not stable in water and show strong
swelling behavior.226 The covalent ester linkages between carboxyl groups on PMEVEMA and
hydroxyl groups on nanocellulose or PEG can overcome this instability in water or moist
environments. The cross-linking reaction yields a networked gel and allows the cross-linked foams
to retain their original shape (Figure 6.6).93, 222 The water adsorption values of these foams after
24 h immersion were around 8-10 folds of initial weight (Figure 6.6a). Compared with previous
studies reported by Jiang and Hsieh and Song et al., these cross-linked foams exhibited better water
adsorption capacity.80, 81 After 24 h immersion in water, cross-linked foams did not show any
noticeable changes in volume or shape (Figure 6.7). The cross-linked foams were saturated with
water and reached the equilibrium state after being immersed in water for 2 h (Figure 6.8). The
original aligned structure of directional frozen foams still can be observed through SEM (Figure
6.5). After 24 h adsorption, the water adsorption values were almost same for directional freezing
and un-directional freezing samples (Figure 6.6b).
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Figure 6.3. Solid-state 13C NMR spectra of water extracted PMVEMA/PEG/nanocellulose
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Figure 6.4. SEM images of cross-linked PMVEMA/PEG/nanocellulosics foams side view of: (a)
CNC 25% foam, (b) CNF 25% foam, (c) CNC 25% Un-DF foam, (d) CNF 25% Un-DF foam.
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Figure 6.5. SEM images of cross-linked PMVEMA/PEG/nanocellulose foams side view of: (a)
CNC 25% foam, (b) CNF 25% foam, (c) CNC 25% Un-DF foam, (d) CNF 25% Un-DF foam
after 24 h soaking.
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Figure 6.6. Water adsorption ability after 24 h (a) nanocelluloses composites with different
nanocelluloses concentration made by directional freezing, (b) nanocelluloses composites made
by different methods

Figure 6.7. Water stability of (a) CNC 75% foam, (b) CNC 75% Un-DF foam, (c) CNF 75%
foam, (d) CNF 75% Un-DF after 24 h.
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Figure 6.8. Water adsorption curves of CNC 50% and CNF 50%.
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For example, the water adsorption of CNC 50% and CNC 50% Un-DF is 9.94 and 9.91 folds of
initial weight, respectively, which indicated that the aligned structure did not influence the water
uptake ability. However, the CNC 75% foams absorbed a higher amount of water (10.05-fold of
initial weight) compared to both CNC 25% foams (8.64-fold of initial weight) and CNC 50%
foams (9.64-fold of initial weight). Similarly, more water was absorbed by CNF 75% foams (9.50fold of initial weight) compared to both CNF 25% (8.52-fold of initial weight) and CNF 50%
(9.21-fold of initial weight). The water uptake amount increased with increasing nanocellulose
content which could be attributed to the decrease in cross-linkages between PMVEMA and
nanocellulose/PEG.227

This

result

indicated

that

the

cross-linkages

within

the

PMVEMA/PEG/nanocellulose foams protected the pre-existing interfibrillar hydrogen bonding
from the disrupting and dissolving action, which limited the water uptake ability.77, 93 Additionally,
the relevant mean aspect ratios were approximately 17.2 for CNCs and 43.2 for CNFs based on
measurements from TEM and SEM images (Figure 6.9). The larger aspect ratio of CNFs might
result in more cross-linkages and limit water adsorption value. Therefore, the water adsorption
ability of CNCs samples were slightly higher than CNFs samples (e.g., 9.94 folds of CNC 50%
foam compared with 9.21 folds of CNF 50% foam).

6.4.5 Mechanical properties of nanocellulose foams
The mechanical properties were studied in order to evaluate the effect of morphological
structures on the mechanical performance of the foams (Table 6.2). It was found that all directional
freezing samples showed improved compression performance compared to un-directional freezing
samples. The directional freezing of CNF 25%, CNF 50%, and CNF 75% foams exhibited higher
compression modulus of 2.76, 2.14, and 1.55 MPa, respectively, that of the un-directional freezing
CNF 25%, CNF 50%, and CNF 75% foams (1.73, 1.65, and 1.00 MPa, respectively). The
compression stress (at 50% strain) of directional freezing CNFs samples was also slightly
increased compared with un-directional freezing ones. Similar results were also observed on the
CNCs foams. The better compression performance of directional freezing samples can be
attributed to the strong anisotropy porous structure along the compression loading direction.228
Also, comparing with the CNCs foams, the CNFs foams at the same preparation condition showed
even better mechanical performance presumably due to the different aspect ratio of CNCs and
CNFs. Because of the larger aspect ratio and entanglement of CNFs, more hydrogen bonds can be
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Figure 6.9. (a) Transmission electron microscopy (TEM) spectrum of CNCs, (b) SEM spectrum
of CNFs
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Table 6.2 Compressive test data of different PMVEMA/PEG/nanocellulose data at 2% RH.
Samples

Modulus (MPa)

Stress at 50% Strain (MPa)

CNC 25%

0.47 ± 0.08

0.15 ± 0.02

CNC 50%

0.43 ± 0.02

0.13 ± 0.03

CNC 75%

0.37 ± 0.02

0.12 ± 0.01

CNC 25% Un-DF

0.44 ± 0.01

0.13 ± 0.06

CNC 50% Un-DF

0.36 ± 0.04

0.11 ± 0.02

CNC 75% Un-DF

0.34 ± 0.03

0.10 ± 0.01

CNF 25%

2.76 ± 0.13

0.86 ± 0.09

CNF 50%

2.14 ± 0.32

0.76 ± 0.08

CNF 75%

1.55 ± 0.11

0.69 ± 0.02

CNF 25% Un-DF

1.73 ± 0.05

0.82 ± 0.02

CNF 50% Un-DF

1.65 ± 0.09

0.74 ± 0.07

CNF 75% Un-DF

1.00 ± 0.05

0.71 ± 0.01
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formed during the water removal process and larger friction forces appeared between the entangled
network, which assisted in load transfers of fiber-matrix and fiber-fiber.68, 229
Moreover, it was found that the mechanical performance increased with decreasing
nanocellulose content which could be seen in Table 2. For example, take the CNCs samples, the
maximum modulus, and stress of CNC 25% were 0.47 and 0.15 MPa compared to 0.37 MPa
modulus and 0.12 MPa stress of CNC 75%. This effect could be explained by that more crosslinkages formed as cross-linking agent content increased which also was verified in water uptake
results and yielded a foam with enhanced mechanical properties. The results are consistent with
previous literature reported by Jiang and Hsieh that methylene diphenyl diisocyanate (MDI) crosslinked CNFs aerogels are strengthened by increasing MDI cross-linking.230

6.5 Conclusion
In conclusion, our results demonstrated a simple approach to fabricate highly aligned lamellar
porous nanocellulose-based foams by cross-linking nanocellulose with PMVEMA/PEG matrix via
directional freezing technique. These cross-linked foams showed excellent water stability and had
high water adsorption capacity. In addition, reinforced mechanical performance was also achieved
on highly ordered nanocellulose-based foams. As a result, these nanocellulose-based foams have
shown the promising possibility for further applications. In next chapter, the potential application
of cross-linked nanocellulose-based materials in water purification system was discussed.
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Chapter Seven: Chemically cross-linked nanocellulose aerogels for effective dye
removal

96

A version of this chapter was originally published by Luna Liang, Shuyang Zhang, Gabriel A.
Goenaga, Xianzhi Meng, Thomas A. Zawodzinski, and Arthur J. Ragauskas. Reprinted with
permission from Frontiers:
“Luna Liang, Shuyang Zhang, Gabriel A. Goenaga, Xianzhi Meng, Thomas A. Zawodzinski,
and Arthur J. Ragauskas. "Chemically cross-linked cellulose nanocrystal aerogels for effective
removal of cation dye." Frontiers in chemistry 8 (2020): 570.”
The author Luna Liang and Xianzhi Meng designed the study. Luna Liang, Shuyang Zhan and
Gabriel A. Goenaga performed the experiments. Luna Liang drafted the manuscript. Shuyang
Zhang, Xianzhi Meng, Thomas A. Zawodzinski and Arthur Ragauskas revised the manuscript.

97

7.1 Introduction
Currently, more than 9,000 types of dyes have been incorporated in a variety of industries, such
as textile, leather, printing, and cosmetics.231, 232 Synthetic dyes have complex structures and low
biodegradability, which are difficult to be eliminated from contaminated water streams and may
have harmful properties, including teratogenic, carcinogenic, and mutagenic effects on human
health.167 They may also decrease the sunlight penetration into the water and interfere the
photosynthetic activity of aquatic life.233 Therefore, it is an important and challenging task to
remove dyes from industrial process streams before they are discharged into the environment.
Several approaches such as biodegradation,234 advanced oxidation,235 photo-catalysis,236
coagulation/flocculation,237, 238 membrane separation239 and adsorption240 are used in the removal
of dyes from wastewater. However, many disadvantages are coupled with these dye removal
techniques. For example, the biodegradation is strongly dependent on the operation conditions and
the oxidation requires highly efficient oxidative agents.240 Therefore, among these approaches, the
decolorization of wastewaters by adsorption is considered as a simple and economical process for
removing dyes from wastewater using inexpensive and efficient solid supports.165 Various
adsorbents are used in water purification, such as activated carbon, agricultural solid wastes,
industrial by-products, clay minerals, biomass, and polymeric resins.241-244 Based on the high
porosity and large surface area, aerogels have been reported to be promising alternatives in water
purification.245, 246
Aerogels are flexible and highly porous materials usually derived by a solvent exchange, freezedrying, or supercritical drying process.86, 247, 248 Aerogels were first synthesized in the 1930s with
the pioneering work of Kistler using either inorganic materials (i.e., silica, alumina, or tungstic
oxide) or biopolymers (i.e., cellulose, nitrocellulose, or gelatin).249 However, aerogels based on
silica or other inorganic nanoparticles often show fragility which limit their applications.
Nowadays, cellulose nanocrystals (CNCs) have been reported to be an economical and ecofriendly alternative in the aerogel component with their lightweight, strong mechanical strength
and safe handling compared to synthetic nanoparticles. Due to the high specific surface area and
broad possibility of surface modification, CNCs also show the promising potential application of
biobased adsorbent in environmental remediation such as organic pollutants removal, oil removal
and dye removal from waste effluents.250, 251 Cellulose nanocrystals, also called cellulose whiskers
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or nanowhiskers, are well-defined crystalline rigid rodlike particles with low density (1.59 g cm3

), liquid-crystalline properties, biodegradability, and biocompatibility.248, 252 The dimension of

CNCs varies depends on the type of cellulosic source and treatment process but usually in the
range of 5-15 nm in width and 100-1000 nm in length.253-255
Therefore, the challenge of creating high-performance CNC aerogels by simple routes has
become an active field of study. A chemical cross-linking method could be employed to form
effective covalent bonds based on the numerous active hydroxyl groups on the surface of CNCs to
advance the structure stability and mechanical performance of CNC-based aerogels.15,
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Poly(methyl vinyl ether-co-maleic acid)/poly(ethylene glycol) (PMVEMA/PEG) hydrogels have
been investigated to have a high swelling capability and have been reported to be used as crosslinking agents to make nanocellulose composites.219, 221 Herein, we report a simple route to form
chemically cross-linked PMVEMA/PEG/CNC aerogels via a directional-freezing technique and
freeze-drying process followed by thermal treatment. The achieved CNC aerogels showed
enhanced thermal properties. The negatively charged carboxyl groups from PMVEMA and the
sulfonate groups from CNCs made the CNC aerogels are possible to become efficient adsorbents
for cation dye removal. Thus, the methylene blue (MB) dye removal performance of the obtained
CNC aerogels as renewable adsorbents was evaluated and compared to other reported adsorbents
from literature.

7.2 Experiment procedure
7.2.1 Materials
Poly(methyl vinyl ether-alt-maleic acid) (PMVEMA) with Mw of ~216,000 was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Polyethylene glycol 4000 (PEG) was obtained from Alfa
Aesar (Haverhill, MA, USA). CNCs extracted from wood pulp with 10.3 wt% solid content were
provided by The University of Maine (Orono, ME, USA) and used without further purification.
Methylene blue (MB) was of chemical grade and purchased from Fisher Scientific (Fair Lawn, NJ,
USA). All other chemicals were obtained from Fisher Scientific and used without further treatment.

7.2.2 Sample preparation
The preparing procedure of cross-linked PMVEMA/PEG/CNC aerogels has already been
described in our previous paper.257 The mass ratio on PMVEMA:PEG was maintained as 6.7:1.
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The composition of CNC aerogels is presented in Table 7.1. After directional freeze-drying, the
CNC aerogels were thermally treated in a Lindberg/Blue hinged tube furnace (Thermo Scientific,
Waltham, Ma, USA) at 250 °C for 1 h under a nitrogen flow. After thermal treatment, the CNC
samples were removed from the furnace and cool down to room temperature for further use.

7.2.3 Characterization of nanocellulose foams
The characterization methods are described in Section 3.3.1.1, 3.3.2.3, 3.3.2.4, 3.3.2.5, 3.3.2.7
and 3.3.2.8.

7.3 Results and discussion
7.3.1 FTIR analysis of nanocellulose aerogels
The cross-linking mechanism for thermally treated CNC aerogels is shown in Figure 7.1a. The
FTIR spectra (Figure 7.1b) of all the samples exhibited a broad peak centered at 3300 cm-1 and a
strong peak at 2900 cm-1, which were assigned to the O-H and C-H stretching vibrations,
respectively.258 Cross-linked networks in CNC aerogels can be formed by the esterification
reaction between hydroxyl group on CNC surface, terminal hydroxyl groups of PEG, and
carboxylic acid group on the PMVEMA during the thermal treatment. All cross-linked CNC
aerogels showed a new peak at 1768 cm-1, which is assigned to the combination of both the ester
carbonyl stretch from the ester-linkages cross-linked CNC aerogels and from the unreacted
carboxylic acid functional groups from the PMVEMA.221 In order to eliminate the influence of
ester linkages and unreacted carboxyl groups, the aerogels were treated with 0.10 M NaOH. Figure
7.1c shows the FT-IR spectra of NaOH treated and un-treated 25CNC aerogels. A new peak at
1555 cm-1 appeared in NaOH treated 25CNC spectrum, which is assigned to the carboxylate
carbonyl resulting from the dilute base treatment. Thus, the observed ester peak at 1740 cm-1 can
then be attributed to the formation of the ester linkages between PMVEMA and CNC or PEG.
Comparing to our previous paper,257 the same cross-linking mechanism was observed of CNC
aerogels when thermal treated at 90 ℃ and 250 ℃ (Figure 7.2). The slight difference was that the
peak of ester carbonyl stretch and carboxylic acid groups was observed at 1768 cm-1 when treated
at 250 ℃ and the same peak was observed at 1720 cm-1 when treated at 90 ℃. This may be attritute
to the dehydration of the diacids on the PMVEMA at 166.16 °C,259 which was discussed in the
thermal analysis.
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Table 7.1. Composition of CNC aerogels
Sample coding

CNC, wt%

PMVEMA/PEG, wt%

25CNC

25.00

75.00

50CNC

50.00

50.00

75CNC

75.00

25.00

100CNC

100.00

0.00

Figure 7.1. (a) Scheme of the possible structure of thermal treated cross-linked CNC aerogels. (b)
FT-IR spectra of CNC aerogels. (c) FT-IR spectra of NaOH treated and un-treated 25CNC aerogels.
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Figure 7.2. FT-IR spectra of 250 ℃ treated and 90 ℃ treated 25CNC aerogels.
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7.3.2 Surface area and pore size analysis of nanocellulose aerogels
The density, BET specific surface area (SBET), BJH pore volume (VBJH) and porosity of aerogels
were also examined in this study. The density of CNC aerogels was in the range of 0.08 – 0.11 g
cm-3 and slightly increased with increasing CNC content. The result may be due to the weight loss
of the PMVEMA component during the thermal treatment, which was proved by the thermal
analysis results. The weight loss also showed that the density of the aerogels could be controlled
by selecting CNC concentration in the suspension in the preparation process. Other than that, the
surface area and pore volume were investigated by the adsorption/desorption of nitrogen through
BET analysis (Figure 7.3, Table 7.2). The BET results indicated that cross-linked aerogels had a
larger surface area. For example, the SBET values were 8.23 m2 g-1 for 100CNC and around 17.00
m2 g-1 for cross-linked aerogels. Also, the cross-linked CNC aerogels had shown larger pore
volumes. The larger surface area and pore volume could provide more adsorption sites and hence
are expected to enhance dye removal ability. In our previous study, the structure of CNC aerogels
made by directional freezing technique have been investigated and the results indicated that those
aerogels had organized lamellar structure.257 The mesoporosity of these CNC aerogels is also
confirmed by the pore size distribution analysis (Figure 7.3) 260. The porosity was calculated via
the ethanol displacement method, in which ethanol is a solvent that able to penetrate material pores
easily without changing the geometrical volume of the aerogel. The result showed that CNC
aerogels contained a consistent high porosity of around 86%.

7.3.3 Thermal gravimetric analysis of nanocellulose aerogels
Thermogravimetric (TG) and derivative TG (DTG) curves for cross-linked CNC aerogels are
summarized in Figure 7.4. This procedure was performed to evaluate how the cross-linking process
affected the thermal stability of the samples. The DTG curves of PMVEMA/PEG showed four
distinct peaks. The first peak at 66 °C is associated with the loss of water content. The second peak
at 166 °C is associated with the dehydration of the diacids of the PMVEMA. The third peak at
277 °C is corresponding to the combined decomposition of PMVEMA and PEG, and the final peak
at 445 °C is attributed to the polymer chain degradation 227. For the cross-linked CNC aerogels and
pure CNCs, a significant weight loss was observed in the range of 270 – 460 °C, corresponding to
the depolymerization of polymer chain scission and cross-link breakage.261 The DTG results
showed that the weight loss of CNC aerogels after thermal treatment was mainly due to the
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Figure 7.3. (a) BET pore size distribution and (b) BET nitrogen adsorption isotherm plot.

Table 7.2. Physical parameters of CNC aerogels
BET specific surface
Density (g cm-3)

area

BJH pore volume
(m3 g-1)

Porosity (%)

(m2 g-1)
25CNC

0.0877 ±0.0003

16.86

0.045

50CNC

0.0912 ±0.0004

16.29

0.050

75CNC

0.1005 ±0.0014

17.00

0.024

100CNC

0.1105 ±0.0007

8.23

0.020

86.83% ±
4.07%
86.60% ±
0.73%
86.12% ±
1.43%
85.96% ±
1.46%
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dehydration of the diacids of the PMVEMA. The primary degradation peak centered at 324 °C for
100CNC, 329 °C for 75CNC, 337 °C for 50CNC, and 355 °C for 25CNC, which indicated a better
thermal stability of the cross-linked CNC aerogels compared to 100CNC aerogels. The formation
of cross-linkages limited the mobility of the polymer chains, which had a positive influence on the
thermal stability.15 Moreover, the maximum decomposition rate (2.62 % °C-1 of 75CNC,
2.25 % °C-1 of 50CNC, and 1.27 % °C-1 of 25CNC) was decreased with increasing content of the
cross-linking agent, which indicates that the 25CNC aerogel is more thermally stable compare to
50CNC or 75CNC aerogel due to the higher cross-linking density. Moreover, the char residues at
500 °C increased from 19 wt% (75CNC) to 29 wt% (25CNC) with increasing cross-linking agent
content. The increase in char residues could be ascribed to the formation of cross-linkages and
lower decomposition rates, which is consistent with previous results.227,
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In summary, the

thermal stability of CNC aerogels was improved by the formation of cross-linkages.

7.3.4 Nanocellulose aerogels adsorption of cation dyes
To demonstrate the potential dye adsorption property of cross-linked CNC aerogels, a cationic
dye MB (Figure 7.5) was used in the dye adsorption experiment. MB is a heterocyclic cationic
aromatic compound that is used either as a dye or a drug with, for example, antimalarial,
antidepressant, and anxiolytic activity, which is potentially toxic towards humans and
environment.164 An example of MB removal efficiency is shown in Figure 7.6a and 7.6b. The
initial MB concentration provides a significant driving force to overcome mass transfer resistance
of the molecules between the aqueous and the solid phases 263. Figure 7.6c shows the relationship
between the initial MB concentration and MB adsorption at equilibrium by CNC aerogels from
aqueous solution. After 24 h adsorption, the obtained results showed that Qe values increased from
6.92 to 115.15 mg g-1 for 25CNC aerogels with an increase in MB concentration from 50.00 to
1200.00 mg L-1. A similar trend also observed for 50CNC and 75CNC aerogels. These findings
can be attributed to the high ratio of absorbent sites available to the dye molecules at lower MB
concentrations and the saturation of adsorption sites on CNC aerogels at higher MB
concentrations.263, 264
The adsorption isotherm is an important tool to describe how adsorbate molecules interact with
an adsorbent surface. The Langmuir and Freundlich model were used to investigate the
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Figure 7.4. TGA (a) and DTG (b) curves for cross-linked CNC aerogels and PMVEMA/PEG
mixture.

Figure 7.5. Structure of MB.
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Figure 7.6. 100 mg L-1 MB dye solution (a) before and (b) after CNC aerogels adsorption; (c) the
dye removal ability of CNC aerogels from 50-1200 mg L-1 MB solution.
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relationship between the aerogel and MB molecules. The Langmuir isotherm model is based on
monolayer adsorption onto a surface with a finite number of adsorption sites of uniform adsorption
energies.165 It can be expressed as Eq. (7.1):
𝐶𝑒
𝑄𝑒

=𝑄

1

𝑚 𝐾𝐿

𝐶

+ 𝑄𝑒

(7.1)

𝑚

where 𝑄𝑒 is the solid phase adsorbate concentration at equilibrium (mg g-1), 𝑄𝑚 is the maximum
adsorption capacity corresponding to complete monolayer coverage on the surface (mg g -1), 𝐶𝑒 is
the concentration of adsorbate at equilibrium (mg L-1), and 𝐾𝐿 is the Langmuir constant (L mg-1).
The linear Langmuir plots for CNC aerogels adsorption of MB are shown in Figure 7.7a. 𝑄𝑚 and
KL were calculated from the slope and intercept of the linear fitting curve, respectively.
The Freundlich equation is an empirical equation employed to describe heterogeneous systems,
in which it is characterized by the heterogeneity factor 1/𝑛 265, the Freundlich expression can be
obtained by taking logarithms of Eq. (7.2):
1

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝐾𝐹 + 𝑛 𝑙𝑛𝐶𝑒

(7.2)

where 𝐾𝐹 is the Freundlich constant (mg g-1) (L mg-1)1/n and 1/𝑛 is the heterogeneity factor. The
linear Freundlich adsorption isotherm fit is shown in Figure 7.7b.
The linear analysis of Langmuir and Freundlich adsorption isothermal models indicated that the
observed dye adsorption data for cross-linked CNC aerogels could be better described by the
Langmuir isotherm model as confirmed by a higher coefficient R2 (Table 7.3 and 7.4). The
Langmuir fitting results suggested that the adsorption process between CNC aerogels and MB dye
could be characterized as a monolayer type of adsorption. The theoretical maximum adsorption
capacity of CNC aerogels calculated by Langmuir model was 116.20 mg g-1, 112.40 mg g-1, and
112.60 mg g-1 for 25CNC, 50CNC, and 75CNC, respectively. The negatively charged carboxyl
groups from PMVEMA and sulfonate groups from CNCs on the aerogel provided available sites
for binding cationic MB dye molecules to the aerogel through electrostatic attraction 167. A direct
comparison of the maximum adsorption capacities of MB dye by various adsorbents is presented
in Table 7.4. Batmaz et al. reported the maximum MB adsorption of carboxylated CNC is 769.00
mg g-1, and the higher removal capacity is most likely associated with the introduced negative
charges onto CNCs, which increased the adsorption sites

266

. Still, the dye removal values of the

CNC aerogels prepared in the present study are comparable, for instance, with Fe3O4/activated
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Figure 7.7. (a) The linear fit of Langmuir model. (b) The linear fit of Freundlich model.

Table 7.3. Langmuir isothermal adsorption constant, equation and regression coefficient of the
linearized plot for the adsorption of MB.
Langmuir Model
Qm
K

Equation

R2

(mg g-1)
25CNC

116.2

0.125

y = 0.0086x + 0.0686

0.999

50CNC

112.4

0.039

y = 0.0089x + 0.2299

0.998

75CNC

112.6

0.13

y = 0.0089x + 0.0684

0.994
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Table 7.4. Freundlich isothermal adsorption constant, equation and regression coefficient of the
linearized plot for the adsorption of MB.
Freundlich Model
KF

n

Equation

R2

25CNC

20.89

0.309

y = 0.2214x + 1.489

0.881

50CNC

15.04

0.336

y = 0.336x + 1.1774

0.869

75CNC

27.2

0.257

y = 0.2566x + 1.4345

0.965
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montmorillonite or magnetic cellulose/graphene oxide, listed in Table 7.5. Furthermore, the
achieved CNC aerogels are water-stable, which indicated that it could be readily removed and
recycle after water purification. Hence, the study of dye adsorption suggested that the cross-linked
CNC aerogels are highly suitable for the removal of cation dyes from the aqueous solutions.

7.3.5 Reusability in cation dye adsorption
The stability and reusability are significant for an ideal adsorbent in practical application, which
will significantly increase the efficiency and reduce the cost.267 The reusability test was studied by
evaluating the MB removal efficiency (%) for 5 consecutive cycles in Figure 7.8. The result
indicated that the adsorbent conserved an excellent activity in five cycles of reuse. A slight
decrease trend in MB adsorption performance may be due to the part of preabsorbed MB particles,
which are trapped in the aerogel structure, reducing the total available negatively charged carboxyl
groups for subsequent adsorption cycles.167 Moreover, the CNC aerogels contained their original
shape after MB adsorption, which can be easily removed and recycle.

7.4 Conclusion
In summary, porous CNC aerogels were successfully fabricated by cross-linking with
PMVEMA/PEG matrix. Based on the advantages of the highly porous structure, improved thermal
stability and dye adsorption ability, CNC aerogels were ideal alternatives to be used as absorbents
to remove cation dyes from aqueous solution. Furthermore, 25CNC aerogels show the best thermal
stability and adsorption capacity towards MB dye among the three aerogels made with different
concentrations of CNCs. In addition, the adsorption of CNC aerogels still maintained almost the
same performance in five adsorption/desorption cycles, which showed an excellent reusability as
absorber.
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Table 7.5. The maximum MB adsorption capacity of different adsorbents.
Absorbent

Maximum Capacity (mg g-1)

Reference

52.76

268

cake

16.43

269

Graphene

153.85

270

Fe3O4/activated montmorillonite

106.38

271

foam

110.50

263

Magnetic cellulose/graphene oxide

70.03

272

Carboxylated CNC

769.00

266

PMVEMA/PEG/CNC

116.20

this work

Natural raw (Algerian) kaolin
Activated carbons from Sunflower oil

Cellulose nanowhiskers/polyurethane
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Figure 7.8. Reusability tests of CNC aerogels for the adsorption efficiency toward MB dyes.
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Chapter Eight: Nanocellulose/activated carbon flexible supercapacitor
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8.1 Introduction
Nowadays, fossil fuels still serve as the primary global energy resource for most electric
power.273 With the rapid growing in global fossil energy consumption and greenhouse gases
emission, replacing fossil fuels with renewable sources of energy and developing efficient energy
storage technology is an urgent problem to solve. Supercapacitors have shown great potential to
be flexible important energy storage devices because they have high power density, long cycle
lifetime, outstanding cycling stability, low cost, safer and lower environmental impact than
batteries.274, 275 Basically, the supercapacitors have two types of work mechanisms to store energy:
the electrical double layer capacitors (EDLCs) and the faradaic pseudo-capacitance. EDLCs are
originated from the charges accumulation at the electrode-electrolyte interfaces and no charge
transferred between electrode and the electrolyte.275 This energy-storage mechanism enables a
highly reversible charge storage rate and superior cyclability.276 The performance of EDLCs are
related to the pore volume and size distribution, interconnection between macropores and
mesopores, hierarchical structure, and the specific surface area of the materials.276, 277 Activated
carbons (ACs) are widely used for EDLC electrode because of their high surface area, porous
structure, and electrical conductivity.278, 279 In contrast, the faradaic pseudo-capacitance produces
capacitance from rapid and reversible faradaic reactions (e.g. redox reactions, charge transfer and
electrosorption processes) between the electrode-electrolyte interfaces.276, 280, 281 To successfully
realize high-performance flexible supercapacitors, except electrochemical performance,
mechanical flexibility and integrity should also be considered.274
In recent years, because of the flexibility, lightweight, and stable cycling performance of
polymeric materials, their applications in supercapacitors have gained wide attentions.282 The next
generation electronics industry requires highly sustainable and extraordinary achievements
regarding the development of low-cost, lightweight, flexibility, environment-friendly and highperformance supercapacitors, which are important for wearable electronics applications.283, 284
Biopolymers, such as natural polysaccharides, offer challenging opportunities as alternatives in
the development of renewable, sustainable, cheap and scalable electrochemical devices.282 Weng
et al. successfully fabricated flexible graphene-cellulose supercapacitors with a high capacitance
of 81 mF cm-2 and retained >99% capacitance over 5000 cycles.285 Nanocellulose offers a unique
combination of properties including flexible surface chemistry, low thermal expansion, intrinsic
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mechanical strength, and the ability to bind to other conductive materials, enabling extensive
applications in flexible energy storage devices.283 Xiao et al. reported freestanding and flexible
nanocellulose/porous Co3O4 polyhedron electrodes had a higher capacitance of 594.8 mF cm-2 and
a power density of 799.97 W kg-1.286
TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl)-oxidized cellulose nanofibrils (TOCN) can be
achieved under moderate conditions and introduce sodium carboxylate groups on cellulose fibril
surfaces.287 Herein, we report a simple approach for the preparation of freestanding and flexible
TOCN/AC electrodes. TOCN was used as non-toxic binder and flexible substrate to avoid tradition
toxic solvents, AC was acted as active material. These hybrid film electrodes were evaluated to
perform as flexible supercapacitor electrodes.

8.2 Experiment procedure
8.2.1 Material and sample preparation
The materials details are shown in Section 3.1.1 and 3.1.2.

8.2.2 Experiment procedures
Activated carbons were prepared from commercial kraft softwood lignin. Lignin was mixed with
KOH at the mass ratio of 1:4 in the alumina boat. The prepared sample was inserted in a tube
furnace with nitrogen flow for chemical activation at 800 ℃ for 2 h. After cooling down, the
produced samples were washed with deionized water until neutralized, followed by ball milling
(PM100 RETSCH model) at 450 rpm for 30 min to obtain the final activated carbons.
TOCN/AC films were prepared using a simple method. AC was first dispersed in distilled water.
Different amount of TOCN (30 wt% and 50 wt%, solid content) was added and mixed with AC
aqueous. The mixture then was sonicated using ultrasound equipment for 30 min to achieve
complete homogenization. The final suspension was poured in PTFE petri dishes and dried in
vacuum oven at 38℃ for 24 h. After drying, the films were peeled off from petri dishes and stored
in airtight pouches.

8.2.3 Characterization of nanocellulose foams
The characterization methods were illustrated in section 3.3.1.9, 3.3.2.1, 3.3.2.3, and 3.3.3.
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8.3 Results and discussion
8.3.1 Chemical structure of nanocellulose/activated carbon films
The graphite degree of AC and TOCN films can be investigated from Raman spectra (Figure
8.1). There are two typical peaks centered at ~1350 cm-1 and ~1600 cm-1 which ascribes to the D
band and G band, respectively.288 D band is represented to disordered carbon structures such as
five, seven, higher-order carbon rings, or dangling bonds which defect sp2-carbon structures,
whereas G bond is denoted to graphitic layers due to in-plane vibrations of sp2 bonded crystallite
carbon.289-291 The intensity ratios of D to G band (ID/IG) can be used to study the crystalline or
graphite-like carbon structures.288 The ID/IG of AC, 30TOCN, and 50TOCN are 1.32, 1.29, 1.27,
respectively. It is obvious that the D band intensity of both AC and TOCN films are higher than G
band, which implies a high extent of amorphous structure.

8.3.2 Surface area and pore size analysis of nanocellulose/activated carbon films
Based on the EDL supercapacitor mechanism, the large specific surface area (S BET) and the
atomic range of charge separation distances benefit the capacitor for storing much more energy.281
The BET results are summarized in Table 8.1. The SBET decreased from 3048.02 to 1150.30 m2 g1

with increasing TOCN content because the addition of TOCN covered some of the porous

structure on ACs, which was also confirmed through pore volume. However, both AC and TOCN
films consisted of a well-developed porous structure with 47 ~ 48 % mesoporous (2 – 50 nm) and
52 ~ 53 % microporous (< 2 nm). Among these samples, the 30TOCN film has the highest
mesoporous ratio of 48.30 %. The similar mesoporous and microporous content revealed that
TOCN was randomly covered and bound with AC particles. The existence of both micropores and
mesopores were positive for ion transfer and charge storage.292 Also, there were two peaks
observed at 1.5 nm and 2.5 nm in pore distribution figures (Figure 8.2) which indicated that AC
and TOCN films exhibited a hierarchical pore structure. The high SBET and hierarchical pore
structure of materials could achieve high-level capacitance performance and outstanding rate
capability.291

8.3.3 SEM analysis of nanocellulose/activated carbon films
SEM images of 30TOCN and 50TOCN at different scales are shown in Figure 8.3 and AC
sample is shown in Figure 8.4. In both 30TOCN and 50TOCN films, the TOCN fibers can be
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Figure 8.1. Raman spectra of AC and TOCN films.

Figure 8.2. (a) Surface area and (b) pore volume distribution of AC, 30TOCN, and 50TOCN.
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Table 8.1. Pore characteristics of AC, 30TOCN, and 50TOCN.
Samples

SBET1 (m2 g-1)

VT2 (cm3 g-1)

Xmicro3 (%)

Xmeso4 (%)

AC

3048.02

1.51

52.23

47.77

30TOCN

2180.16

1.08

51.70

48.30

50TOCN

1150.30

0.56

52.21

47.79

1. Surface area determined from Brunauer-Emmett-Teller (BET) equation.
2. Total pore volume determined from single-point adsorption volume at p/p0 ~0.97.
3. Mesopore fraction determined from the ratio of SBET to Barrett-Joyner-Halenda (BJH) surface
area.
4. Micropore fraction determined by subtracting BJH surface area from SBET.
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Figure 8.3. SEM images of (a) 30TOCN at 20 𝜇m scale; (b) 30TOCN at 2 𝜇m scale; (c) 50TOCN
at 20 𝜇m scale; (d) 50TOCN at 2 𝜇m scale.

Figure 8.4. SEM image of AC
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observed under 2 𝜇 m scale. Moreover, the TOCN fiber structure could still be observed of
50TOCN film under 10 𝜇m scale, which implied that more TOCN was involved in 50TOCN films
and fabricated a stronger network within TOCN/AC film.

8.3.4 Electrochemical performance of nanocellulose/activated carbon films
To use the TOCN films as electrolytes for supercapacitors, the electrochemical performance
and properties were conducted using a three-electrode system in a 1 M H2SO4 aqueous electrolyte.
The free-standing TOCN/AC films were cut to 1 cm2 and examined as a binder-free electrode. The
cyclic voltammogram (CV) curves at different scan rates (Fig 8.5) showed symmetric quasirectangle shape, which indicated the TOCN film electrodes are electric double-layer formation.
There was no visible redox peak from Faradaic current observed over the potential region. The CV
curve still exhibited quasi-rectangle shape of 50TOCN when the scan rate increased to 50 mV s-1,
implying effective and fast charge transfer.293 However, the shape of CV curves of 30TOCN
distorted at 50 mV s-1 because of the high internal resistance.294 The capacitance of TOCN films
was evaluated by galvanostatic charge-discharge (GCD) tests (Fig 8.6a). The capacitance of
30TOCN reached as high as 520.45 F g-1 at 0.25 mA cm-2, which was more than 2-fold higher than
50TOCN electrodes (254.38 F g-1). This was consistent with the previous BET measurements,
revealing that higher surface area and pore volume provided more activated sites to store energy.
Both 30TOCN and 50TOCN electrodes were observed voltage (IR) drop due to the internal
resistance.295 The specific capacitances of each electrode at various current densities were
calculated according to GCD results (Fig 8.6b). All cases had the same tendency that the
capacitance was decreased at higher current density. The cyclic stability was also evaluated to
investigate the performance of TOCN/AC film electrodes. The cyclic performance of TOCN/AC
electrodes was studied at a current density of 20 mA cm-2 (Figure 8.7). After 7000 continuous
cycles, all electrodes presented high capacitance stability over 93% retention of their initial
capacitance. The stable hierarchically porous structure led to the stable transport of electrolyte ions
and resulted in the long-term stability of the electrodes.247

8.3.5 Electrochemical impedance spectroscopy of nanocellulose/activated carbon
films
The electrochemical impedance spectroscopy (EIS) was carried out to further check the
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Figure 8.5. CV curves of (a) 30TOCN and (b) 50TOCN in the scan rate range of 1 – 50 mV/s.

Figure 8.6. (a) GCD curves charged and discharged at 0.5 mA cm-2, (b) variation of specific
capacitance of electrodes with current densities
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Figure 8.7. Cyclic performance of as-prepared electrodes at a current density of 20 mA cm-2.
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electronic/ionic conductivity of TOCN electrodes. The Nyquist plots of TOCN electrodes are
presented and the proposed equivalent circuit is shown in Figure 8.8. In high-frequency region,
the diameter of the arc is related to the charge-transfer resistance. The impedance spectra were
fitted by the proposed equivalent circuit, where R1 was the electrolyte solution resistance, R2 and
CPE1 were the interfacial resistance and the capacitance due to the impedance between TOCN
electrodes and current collectors, R3 was the charge transfer resistance at the electrode/electrolyte
interface, and CPE2 was the double-layer capacitance.275, 296 The total resistance represented as
equivalent series resistance (R) including R1, R2, and R3. Table 8.2 shows the resistance results
calculated using Z-view software. We observed that the R1 values of the two electrodes were
similar to each other because of the same electrolyte solution used for the two electrodes tests. The
R2 value of 30TOCN was 8.26 Ω, which was more than three times higher than 50TOCN (2.79 Ω).
The higher R2 values might be because of the large surface area of 30TOCN electrode, which
caused a higher interfacial resistance. The higher surface area of 30TOCN also caused higher R 3
value and resulted in the large charge transfer resistance. Thus, 50TOCN had a lower overall
resistance (9.25 Ω) than 30TOCN (24.55 Ω), indicating a larger ionic transport. The EIS plot
presents linear lines in the low frequency region where the impedance was dominated by ionic
diffusion and associated to Warburg impedance (Wo in the equivalent circuit). The ideal ionic
diffusion behavior should be in principle a vertical line.297 Therefore, the lager slope of 50TOCN
electrode suggested enhanced diffusivity of H+ ions in electrodes and made it easier for the ions
and hydration molecules to access the interior carbon structure.

8.4 Conclusion
In summary, the flexible and free-standing TOCN/AC film electrodes were successfully
fabricated via a simple method. The capacitance of TOCN/AC film electrodes was reached as high
as 520.45 F g-1 and showed over 93% capacitance retention after 7000, which presented an
excellent electrochemical performance. The highly porous structure provided efficient diffusivity
of electrolyte ions and electrons. Therefore, these TOCN/AC film electrodes possessed great
potential in renewable, environmentally friendly, and cost-effective supercapacitor electrode
materials.
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Figure 8.8. (a) Nyquist impedance plots of TOCN electrodes and (b) proposed equivalent circuit
of the system.

Table 8.2. Calculated equivalent resistance values in the high-frequency region
R1(Ω)

R2(Ω)

R3(Ω)

R (Ω)

30TOCN

2.45

8.26

13.84

24.55

50TOCN

2.23

2.79

4.23

9.25
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Chapter Nine: Summary and future work
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9.1 Summary
This dissertation accomplished the thermochemical biomass pretreatment process to consider
the utilization of all biomass components. The structure change of biomass components (lignin
and cellulose) during pretreatments was carefully discussed. The effect of genetic modification of
biomass in biomass conversion was also studied. To further understand the potential applications
of biomass components, the mechanical and physical properties of nanocellulose-based materials
were analyzed towards the prospective applications in water purification and electronic devices.
Pretreatment is an essential strategy in biomass conversion activity to reduce or overcome the
lignocellulosic biomass recalcitrance. However, the previous pretreatments were mainly focusing
on the fermentable sugar yields which could be used to produce biofuel and lignin was considered
as a byproduct. In this study, we used three different organosolv pretreatment strategies (ethanol,
THF and GVL) with optimized sugar yields to study the lignin structure change after pretreatment
in order to seek the utilization of lignin components. Wild type (WT) and two types of transgenic
switchgrass (COMT and MYB) were also involved in this study to analyze the influence of genetic
modification in pretreatment process. The lignin structures were investigated using GPC, 31P NMR,
HSQC NMR, SAXS and molecular dynamics simulations. The transgenic switchgrass had a lower
lignin molecular weight and S/G ratio compared to WT switchgrass which indicated genetic
modification successfully reduced biomass recalcitrance. After a side-by-side comparison, the
THF pretreated lignin showed higher molecular weights, inter-linkages content, and aliphatic
hydroxyl contents, which made them suitable for producing mono-aromatic compounds via
depolymerization. In opposite, the ethanol pretreatment broke down most of the lignin interlinkages, achieved low molecular weight and high free phenolic OH group account, which might
be suitable for antioxidant applications.
Cellulose is the most abundant biopolymer component in lignocellulose biomass. To further
investigate the prospective applications of biomass components, nanoscale cellulose was involved
to study its chemical and physical properties. Two types of nanocellulose (CNC and CNF) were
used to fabricate foams through chemical cross-linking and directional freezing technique. The
cross-linked nanocellulose-based foams showed excellent water stability which altered the
hydrophilic nature of pure nanocellulose and provided the potential ability of nanocellulose-based
foams to be used in water environments. Moreover, the cross-linked foams obtained organized
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lamellar structure via directional freezing technique because of the thermal gradient during the
freezing process. The lamellar structure was observed through SEM and improved the compression
performance of the foams. The enhanced physical performance provided the possibility for
nanocellulose-based materials to be applied in wet or aqueous conditions.
According to the outstanding water stability of cross-linked nanocellulose materials and
negatively charged carboxyl groups and sulfonate groups from polymer and nanocellulose chains,
the cation dye removal capacity of cross-linked nanocellulose aerogels was studied in this thesis.
The highly porous structure and large pore volume of nanocellulose aerogels were investigated
using BET test, which provided more adsorption sites within the aerogel structure. The Langmuir
model implied that the nanocellulose aerogel adsorption was based on monolayer adsorption
mechanism and calculated the maximum adsorption capacity. Additionally, the nanocellulose
aerogels could be easily removed from aqueous system and showed excellent reusability. Overall,
the nanocellulose-based aerogels are the ideal renewable adsorbents that can be applied in water
purification field.
Other than enhanced physical and mechanical properties, the nanocellulose materials also
showed the ability in producing flexible and wearable electronic devices. Nanocellulose was used
as a binder in nanocellulose/activated carbon films to produce flexible and free-standing electrodes.
The achieved electrodes had high specific surface area and obtained high supercapacitor
capacitance, which performed as a renewable and environmentally friendly candidate in energy
storage area.

9.2 Future work
As an indispensable step in biomass conversion, the high energy consumption and high
economic cost in pretreatment process is an urgent problem needed to be solved. Organosolv
pretreatments have been reported that can generate high yield and low condensation lignins, which
is a promising technique with considering the utilization of all biomass components. A new
concept called “closed-loop” biorefinery is proposed by using biomass-derived solvents in
biorefinery. Therefore, using green and renewable solvents and developing mild pretreatment
conditions is the next step in biorefinery areas.
Nanocellulose materials already showed the possibility in energy storage applications and
delivered renewable and non-toxic electronics. To further improve the electrochemical capability
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and create smaller, easy to handle, and light-weight electronics, solid-state supercapacitor is one
of the most prospective energy storage devices. Current problems in generating high performance
supercapacitors include poor rate capability, limited ion-diffusion rate in solid-state electrolytes,
large electrode resistance, etc. Hence, good solid-state supercapacitors should have large ionaccessible surface area and highly conductive electrodes which could help to achieve ultrafast
charging/discharging rate and high energy density. In further studies, we will focus on developing
and optimizing solid-state nanocellulose-based supercapacitors with decreased resistance to reach
high energy storage capacitance and excellent cycle stability.
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Figure A2. Aldrich lignin HSQC spectra
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